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ABSTRACT 
 
 
Electroporation (EP) is a physical non-viral technique used to deliver therapeutic 
molecules across the cell membrane.  During electroporation an external electric field is 
applied across a cell membrane and it causes pores to form.  These pores then allow 
the surrounding media containing the therapeutics to diffuse across the membrane.  
This technique has been specifically studied as a promising gene and drug delivery 
system.  Colloidal particles have also proven to be promising for a variety of biological 
applications including molecular delivery, imaging, and tumor ablation, due to their large 
surface area and tunable properties.  In more recent years researchers have explored 
the use of both electroporation and particles simultaneously.  In this research, the main 
objective was to investigate and determine the role of sub-micron particles in the 
electroporation process.  Presented in this dissertation are results from the synthesis 
and characterization of colloidal particles of various sizes and different compositions.  
The use of these dielectric and metallic particles during in vitro electroporation were 
investigated along with various other electrical parameters associated with EP such as 
pulse length, number of pulses, and field strength.  Computationally, aspects such as 
particle composition and particle concentration were explored in an attempt to predict 
experimental outcomes. 
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CHAPTER 1: INTRODUCTION 	  
 
Therapeutic molecular delivery using viral vectors or non-viral techniques has 
been widely explored for treatment of a variety of diseases including cancer, diabetes 
and other genetic disorders.  Viral techniques offer many advantages in their ability to 
treat a variety of cell types and their high transfection efficiency [1-3].  However, the use 
of viral vectors can be somewhat complicated because before the system can be 
introduced to the desired host cell, the viral genes must first be removed, the ability to 
replicate must be eliminated, and the DNA sequence of interest must be inserted into 
the vector [1, 4].  In addition, major adverse effects such as limitations on the amount of 
genetic material to be loaded, the toxicity, the oncogenicity, and the immunogenicity are 
of huge concern [1-3, 5-7].  Viral vectors also tend to be useful only in the delivery of 
genetic material but not other therapeutic molecules such as pharmaceuticals.  Non-
viral techniques (physical and chemical) are not limited to just one type of therapeutic 
molecule.  Instead, they can be used to deliver various foreign materials most 
commonly, DNA and drugs.  Some examples of these methods are organic and 
inorganic nanoparticulate systems, ultrasound techniques, electroporation (EP), and 
use of microneedles [6, 8-18].  In recent years non-viral techniques have become 
heavily studied due to their advantages over their viral counterparts.  Non-viral methods 
have been favored because of their versatility, ease of preparation, low toxicity, lack of 
antigen-specific immune responses, and the offer of more targeted treatment [19, 20]. 
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Electroporation and nanoparticulate systems have been used separately for non-
viral therapeutic delivery and have been found to be most promising.  In recent 
decades, electroporation has been studied for delivery of an assortment of molecules 
ranging from free DNA, plasmid DNA, proteins, and pharmaceutical drugs [3, 21-25].  
This method is versatile as it can be used on many cell types both suspended and 
adherent to deliver many sizes and concentrations of genetic and pharmaceutical 
materials.  Micro/nano-particles have also become a very popular non-viral delivery 
route reported in literature [13, 14, 19, 20].  Particle systems are favored mainly 
because of their large surface area.  This feature allows large concentrations of 
therapeutics to be covalently attached to the surface along with ligands, such as folate, 
to promote targeted cell attachment [26-28].  Another advantage of using particulate 
systems is the ability to alter particle compositions using different materials such as 
polymers, inorganics, metals, and even the therapeutics themselves [29-37].  These 
published studies have shown that manipulating particle composition often gives rise to 
tunable properties including optical, thermal, and magnetic all of which are useful for 
therapeutic delivery [38-42]. 
 
The ability to combine the advantages that colloidal delivery brings with 
electroporation can give rise to an even more targeted therapeutic system.  However, 
incorporation of colloidal particles into the electroporation process for therapeutic 
treatment has only been minimally reported, [5, 43-48] and there is a lack of agreement 
in the results.  Zhang et al. [43] have reported animal model results that show an 
increase in immune response around treated areas when gold nanoparticles (GNP) 
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were present during DNA transfection using electroporation.  On the other hand, their 
computational simulation results illustrated that the presence of a micron sized 
uncharged gold particle offered only marginal effects on the electric field around a cell.  
Zhang and coworkers concluded that the immune response in the animal studies was 
not due to an increase in DNA vaccine delivery as a result of gold nanoparticle influence 
on electroporation.  Instead, the response was caused by an increase in antigen 
presenting cells attracted to the foreign GNP objects [44].  However, other recent 
experimental reports show that gold nanoparticles can make a difference in enhancing 
the delivery effect of electroporation [5, 48].  Commercially purchased gold 
nanoparticles of various sizes were used at different concentration in vitro to transfect 
mammalian cells.  Particles were tested both freely suspended in pulse medium and 
attached to the cell surface through receptor binding.  Zu et al. [5] were able to 
determine that the presence of both free floating and tethered gold nanoparticles 
resulted in an increase in the percentage of cells transfected.  Using COMSOL 
Multiphysics® they were then able to model this same particle effect on the electric field 
distribution by simulating a 20 nm gold nanoparticle embedded inside a 5 nm thick cell 
membrane.  Rey et al. [49] have also performed simulations of electric field distribution 
when large polystyrene microspheres were embedded in biological tissue.  In this 
context, it was concluded that the microspheres affected both the electric fields and the 
surrounding tissue.  They also determined that particle presence not only increased 
localized electric field intensity around the particles but also encouraged secondary 
events such as localized pressure gradients as a result of electroosmotic flow. 
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The conflicting results from the available literature as well as the lack of 
systematic studies in scientific literature on electroporation in the presence of colloidal 
particles, provides the motivation for the research in this doctoral dissertation.  The 
broad goal was to establish the methods to promote a better understanding of the role 
of colloidal particles on the electroporation process, as well as provide a systematic 
framework to explore the interplay of operational parameters for electroporation with the 
characteristics of the particles. 
 
1.1 Background: Electroporation of Cell Membranes 
1.1.1 In vitro and In vivo Electroporation 
Over the past few decades researchers have shown that exposing a cell to an 
electric field impacts the membrane permeability and subsequently permits the transport 
of foreign materials into the cell.  This technique, better known as electroporation, has 
been most commonly used for transporting therapeutics such as free DNA, plasmid 
DNA, proteins, and pharmaceutical agents across the cell membrane [7, 50-55].  For 
instance, Weecharangsan et al. [7] tested electroporation transfection efficiency using 
two different cell lines, Raji (human Burkitt lymphoma) and KB (human oral carcinoma).  
They were able to determine a significant increase in percent transfection when 
electroporation was used in both cell types.  The researchers also described that the 
plasmid DNA delivery increased with the increase of the electric field strength, a pattern 
that has been commonly reported in literature.  In another example by Choi et al., a 
microneedle electrode was used to aid in the delivery of both small and large molecules, 
calcein and albumin, respectively [52].  Reports show that the maximum delivery 
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efficiency of bovine serum albumin using electroporation was approximately 30%.  By 
comparing these results to the delivery of the calcein under the same electrical 
conditions they found the uptake to be 2 to 4-fold higher, concluding that electroporation 
was much more efficient when delivering smaller molecules.  It was also concluded that 
altering the electrical parameters for experiments with both molecule types dramatically 
decreased the cell viability. 
 
Electroporation (EP) has also been heavily studied as a method to overcome 
challenges associated with transdermal drug delivery [8, 10, 44, 54, 55].  Many 
scientists have reported the use of EP for transdermal delivery of small molecules.  
Transdermal treatment is a very promising drug delivery technique because it allows 
drugs to bypass the gastro-intestinal system where they can be greatly degraded as 
well as bypass the liver where drug concentrations are heavily diluted before reaching 
circulation.  One main issue with this treatment method is the slow diffusion rates across 
the stratum corneum for most drugs.  In a report by Prausnitz and coworkers, a method 
was illustrated to overcome this barrier issue through the use of electroporation [55].  It 
was observed in results from both in vitro and in vivo studies that electroporation was in 
fact a promising technique for transdermal delivery of a variety of small molecules, 
which commonly do not penetrate the skin’s surface. 
 
Promising results from in vitro and small animal studies motivated the use of 
electroporation in clinical studies.  Over the past few years EP has been used in animal 
clinical trials as a delivery method for DNA vaccines, bleomycin, and DNA plasmids [56-
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58].  Many trials have focused on using electric pulses in conjunction with bleomycin, an 
anticancer agent, to treat a variety of cancers ranging from oral cancer to skin tumors, 
specifically in the head and neck region [56, 59, 60].  Over a two-year period Landstrom 
et al. [59] studied the treatment of six elderly patients previously diagnosed with either 
stage four basal or squamous cell carcinoma.  It was reported that complete tumor 
elimination was observed in four of the six patients treated with the EP/bleomycin 
cocktail.  Eight weeks post-EP/bleomycin treatment, biopsies were completed to confirm 
tumor eradication while additional reconstructive surgery was not necessary.  In another 
trial reported by the same group a similar trial was explored for the treatment of stage 
four tongue cancer [60].  Results shown here concluded that ten of fifteen patients were 
described as being clinically tumor free at their last follow-up appointment, 24 weeks 
post-EP/bleomycin treatment.  Although promising results from each of these studies 
have been shown this treatment was only recommended for complicated malignancies 
that are typically inoperable due to the slower healing time associated with 
electroporation of tissue.  Based on these reports many advances have been made in 
the field of electroporation but further studies in both, in vitro and in vivo studies are still 
needed. 
 
1.1.2 Modeling Electric Field Distribution For Electroporation 
Many researchers have explored the use of theoretical approaches to better 
understand the complicated electroporation process with a multitude of parameters [61-
66].  Numerical and analytical approaches have been utilized to explore the influence of 
EP parameters including, field strength, number of pulses, electrode distance, electrode 
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position, pulse amplitude, and tissue conductivity [64, 65, 67-71].  Both numerical and 
analytical approaches offer advantages and disadvantages, but over the last few 
decade researchers have favored the use of numerical methods.  Analytical techniques 
tend to be more accurate because they use well-established mathematical principles to 
solve governing equations.  However, this method is commonly only used for models 
with simple boundary conditions and uniformed geometries because solving equations 
for more complex models can quickly become convoluted [72].  In the case of 
electroporation, behavior of the electric potential around a cell can be explored 
analytically by solving the partial differential equation shown in Equation 1.1, where σ 
and ε denote the conductivity and permittivity, respectively.  This equation simplifies to 
Laplace’s equation illustrated in Equation 1.2, for steady state models with simplified 
geometries such as a spherical cell in an electric field [22, 61, 63].  Applying boundary 
conditions to solving Laplace’s equation in any coordinate system yields the electric 
potential distribution.  Determining the difference in the intracellular and extracellular 
potentials, Equation 1.3, yields the trans-membrane potential [73].  Solving Laplace’s 
equation in a spherical coordinate system, in the case of a spherical cell in an electric 
field, results in Swann equation shown in Equation 1.4 [22, 61, 63, 73]. 
    ∇ σ+ ε 𝜕𝜕𝑡 ∇𝜓   𝑥,𝑦, 𝑧, 𝑡 = 0     (1.1) 
          
    ∇ ∙ ∇ψ   x, y, z =   0     (1.2) 
          
    ∇ψ!"!#$%&" =   𝜓!"#$%&'(()(%$ −   𝜓!"#$%&!''('%$     (1.3) 
          
    ∇ψ!"!#$%&" = 32𝐸𝑅 cos𝜃     (1.4) 
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Numerical approaches based on finite element methods are preferred when 
exploring more intricate simulations such three-dimensional, irregular geometries or 
time dependent models.  These methods are carried out using commercial computer 
software packages such as, COMSOL Multiphysics®, EMAS™ or FEMLAB™.  Although 
the use of advanced software is a simpler and much faster approach to solving 
complicated differential equations, this method uses many assumptions.  The use of 
such assumptions results in solutions that are only approximations that can be less 
accurate than solutions calculated using analytical techniques [23, 72]. 
 
Researchers have reported several numerical and analytical models based on 
the influence of electroporation of complex biological tissues [74-77].  For example, 
electroporation has been widely studied as a promising technique to penetrate the thick 
barrier caused by the stratum corneum in transdermal delivery [55].  Many researchers 
have focused on simulating electroporation induced molecular transport as well as the 
effects of conductivity and electric field strength on skin and other tissues [64, 65, 78].  
More specifically, when considering skin the greatest electric field strength is assumed 
to be in the outer most layer (stratum corneum) due to its high resistivity [77].  As a 
result of this assumption, deeper layers are not expected to undergo much pore 
formation or subsequent molecular delivery.  However, some in vivo reports have 
shown otherwise.  For this reason, researchers have become very interested in 3D 
modeling in vivo electroporation to determine the correlation between electric field 
strength and tissue conductivity [64, 65].  In one report by Becker et al. [78] a theoretical 
model based on the physiological makeup and the thermo-physical behavior of the 
9	  	  
stratum corneum was described.  In their simulations it was determined that the 
molecular transport amount in tissue was greatly dependent on both skin thickness and 
temperature.  Both thin and thick stratum corneum geometries offered efficient delivery 
pathways with thicker layer resulting in better axial delivery and thinner layers yielding a 
more effective radial delivery route.  As for temperature, Becker and coworkers 
concluded that only lower temperatures were favorable for molecular delivery. 
 
Modeling single cell electroporation in both two and three dimensions has also 
been heavily reported in literature.  These reports focused mainly on investigating the 
influence of the electrical and biological conditions such as field intensity, pulse 
duration, cell shape and cell size among other things on pore formation and subsequent 
uptake of therapeutics [61-63, 66, 79].  Understanding the role of each of these 
parameters is important because they are all vital to successful electroporation.  For 
instance, field strength is needed to initiate the entire EP mechanism, cell size is 
important because it determines what range the applied field strength should fall into, 
and both pulse duration and the ionic strength of the EP medium play a role in the size 
and density of the pores [23].  Debruin et al. have demonstrated theoretically the 
influence of field strength, trans-membrane potential and ionic concentration on 
electroporation of a single cell [61, 62].  From one of their investigations it was 
concluded that electroporation was most significant during the first milliseconds of 
pulsing and that the trans-membrane potential did not increase as the field strength or 
pulse duration increased.  Meaning that the use of longer pulses created more pores, 
which limited the current across the membrane and ultimately limiting the membrane 
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potential to about 1V.  With this exception of the time frame reported for the most 
significant electroporation to occur (microseconds for in vitro and milliseconds for 
computational) much of the data presented in this report was consistent with 
experimental data reported in literature.  Further understanding of the electroporation 
process theoretically, will allow scientist to more efficiently preplan for in vitro and 
clinical EP studies by determining the optimal electrical and biological parameters to 
use beforehand. 
 
1.2  Background: Colloids in Biomedical Engineering 
Colloidal solutions consist of stably suspended nano- to micron-sized particles.  
These particles are large enough in diameter that they distinctly deviate from the 
properties of a true solution but are small enough that they are subjected to forces 
giving them the ability to remain dispersed in a liquid phase [80-82].  Colloids can be 
considered soft in the case of microgels particles or solid in the case of metallic particles 
and their composition can vary to include materials such as inorganic oxides, organic 
polymers, and combinations of one or more such materials.  Variations in colloidal 
composition give rise to a many different particle characteristics that are of great interest 
in a wide range of fields including, catalysis, sensing, and biomedicine [34, 35, 83-86]. 
 
More specifically for biomedicine applications, silver, gold, poly (lactic acid) 
(PLA), poly (D,L-lactide-co-glycolide) (PLGA), chitosan, and silicon dioxide 
nanoparticles have been heavily reported in literature as promising molecular delivery 
vehicles [17, 26, 86-89].  Biocompatible polymers such as PLA and PLGA, have been 
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used to deliver several therapeutic materials by encapsulating them within the polymer 
matrix during synthesis using a water-in-oil-in-water emulsion technique [86].  These 
particular polymer particle types and other like them offer many advantages.  
Incorporating a therapeutic into these types of polymers can give rise to a sustained 
release system as a result of their steady degradability properties.  Polymeric particles 
also act as barriers against degradation for the molecule and they offer the ability to 
control the molecular concentrations delivered by simply controlling the polymer to 
biomolecule ratio [86, 90, 91].  In one example, Joshi et al. [90] have explored the use 
of PLGA for delivery of gemcitabine HCl.  Gemcitabine HCL is a promising cancer 
treatment drug, but it is rapidly metabolized once ingested, which requires doctors to 
repeatedly administer high dosages to patients.  Their studies showed that 
encapsulating the drug inside of the biodegradable polymer particle at the proper 
weight-to-weight ratio resulted in the ability to control the rate of delivery.  Also, Joshi 
and coworkers were able to slowly release the gemcitabine HCL into the system as the 
particle degraded.  This allowed them to minimize the number of administered doses.  
Other polymeric particles known as chitosan are polysaccharides that originate from 
crustaceans.  These particles, like PLGA and PLA, have also been heavily explored for 
their delivery capabilities due to their low toxicity, biodegradability, and biocompatible 
[86, 88, 92].  Chitosan derivatives are easily synthesized to give rise to different 
solubility properties, which is useful in delivering insoluble drugs.  Also, other chemical 
components can be incorporated into the chitosan particle to create a cell specific 
delivery vehicle [92].  Another main reason many studies are geared towards the use of 
this particle type is because they can be administered using different routes including 
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parenteral (intravenously) and mucosal (nasal, ocular, or oral) [92-94].  Other popular 
polymeric colloids used for therapeutic delivery include environmentally sensitive 
polymers due to their ability to alter their physical characteristics as a result of their 
surroundings [95-97].  For instance, the water solubility of temperature sensitive 
polymers is inversely proportional to the environmental temperature.  This means that 
as the temperature around the particles increases the solubility decreases causing the 
polymer matrix to collapse and subsequently expel the internal aqueous content [95, 
98].  More specifically, poly (N- isopropylacrylamide) (PNIPAM) is a thermally 
responsive polymer that can swell or collapse depending on the temperature of the 
environment.  Therapeutics can be stored within the matrix of the hydrogel in its swollen 
state and released into the surrounding area by simply changing the temperature of its 
environment [32, 99-101].  This phenomenon was detailed in one report by Nolan et al. 
[102] where copolymerized PNIPAM nanoparticles were constructed into three 
dimensional thin films to delivery fluorescent tagged insulin.  The researchers monitored 
the thermally controlled release of insulin at 25oC and 40oC using fluorescence 
spectroscopy. It was determined that the fluorescence intensity, which was 
representative of the insulin release, more than doubled when transitioning from low to 
high temperatures meaning that at high temperatures more insulin was released as a 
result of the polymer matrix collapsing. 
 
Other popular drug and gene delivery systems include inorganic colloids [14, 35, 
103, 104].  Mesoporous silica particles, for example, have been investigated for their 
controlled drug release behavior [104-107].  In one report by Feng et al. up to 500 mg 
13	  	  
per gram of silica of ibuprofen, an anti-inflammatory drug was loaded into the particle 
pores.  They showed that by storing the drug in the cavities of the silica it could be 
released in a sustained manner with 80% efficacy, over a 32 hour period [106]. Other 
inorganics including iron, cobalt, gold and silver, are also of great interest and heavily 
reported for therapeutic applications [83, 103, 108-113].  These particles offer a variety 
of advantages that can be used for therapies including targeted delivery through surface 
modification, tissue imaging based on the unique optical and magnetic properties, and 
photothermal ablation through the use of their heating properties [103, 114-116].  One 
example detailed by Cheng et al. [108] uses inorganic gold nanoparticles for targeted 
molecular therapy.  In this study, they described the impact of 5 nm gold nanoparticles 
on the delivery of Pc 4, a photosensitizing agent used for photodynamic treatment of 
cancerous tumors.  The delivery of Pc 4 was studied both with and without the 
nanoparticles.  First, Pc 4 was injected freely into the system then in a separate 
experiment the drug was first attached to the surface of the gold nanoparticles before 
being injected.  Based on their reports, the total percent delivered of Pc 4 was equal 
using both intravenous delivery of Pc 4 attached to gold nanoparticles and freely 
injected Pc 4.  From this result it was concluded that the presence of the gold 
nanoparticles did not increase the amount of drug delivered.  However, it was clear from 
their results that use of the gold nanoparticle did offered a much faster delivery time of 2 
hours compared to the 48 hours it took the free drug to reach the targeted area. 
 
Multifunctional inorganic and organic composites have also been explored for 
similar delivery applications.  For instance, metallic particles can also be surface 
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decorated or used to decorate the surface of other inorganic or organic surfaces to 
create multifunctional systems [31, 103, 109, 117].  In one example, anisotropic gold 
nanoparticles, or gold nanorods, were coated with mesoporous silica to create a 
composite colloid that not only delivered chemotherapeutics, but also offered an 
additional advantage of administering photothermal treatment [118].  Monem and 
associates reported the use of this colloid system to treat rapidly growing Ehrlich tumors 
in mice.  Here they reported results from experiments that used the chemotherapy drug 
alone and in the presence of the multifunctional colloids.  It was shown that 
administering doxorubicin, a chemotherapy drug, alone drastically inhibited the growth 
of the Ehrlich tumor for up to 3 days.  After this point a huge jump in the growth rate was 
observed.  Using both the chemotherapy drug and photothermal treatment from the 
colloids together, also drastically inhibited tumor growth for a slightly longer period of 4-
5 days followed by a very slow growth rate for an additional 18 days.  Untreated tumors 
grew at a rate of 10% per day and those treated with only photothermal therapy had a 
6% per day rate.  From this report it was concluded that the use of multifunctional 
particles in conjunction with standard chemotherapy treatments were much more 
efficient than using either of the therapies individually.  Literature reports on various 
nanoparticle/colloidal systems have proven repeatedly that these vehicles offer a variety 
of versatile properties that can be used to advance the field of biomolecular delivery. 
 
1.3 Research Perspective and Organization 
The aim of this research project was to explore the use of sub-micron colloidal 
systems and electroporation together, while monitoring the overall influence of the 
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colloids on the delivery rates and viability of electroporated cells.  More specifically, the 
intent was to develop an experimental protocol for applying the electroporation 
technique to cells in the presence of colloidal particles.  Also, studies were done to 
determine the influence of specific electrical parameters including field strength, pulse 
duration, and number of pulses on the delivery efficiency of a model molecule across 
the membrane of electroporated cells.  Monitoring the influence of colloidal 
concentration as well as composition was another focus.  A correlated aim was to begin 
computationally studying the effects of particle presence, orientation, and composition 
on the electric field distribution surrounding a single cell.   
 
The organization of this dissertation is as follows.  Chapter two will detail the 
synthesis and characterization of silica colloids as well as gold nanoshells; the use of 
the well-known Stöber method will be described.  This method was chosen because it is 
a simple affordable way to synthesize silica colloids of various sizes with low 
polydispersity.  This chapter also describes the deposition-precipitation (DP) method 
used to create gold nanoshells on silica core particles.  The method offers advantages 
over other techniques such as the layer-by-layer technique because it minimizes the 
steps and reagents needed to create uniform gold nanoshells.  Results in this chapter 
will detail the size distribution, composition, and optical properties of the colloidal 
particles.  This part of the doctoral research builds on earlier studies performed during 
my master’s research. 
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Computational electric field distribution studies are detailed in chapter three.  
Simulations presented in this chapter focus mainly on how the trans-membrane 
potential and field distribution around a single cell are altered through the addition of 
dielectric and metallic particles.  The number of particles and the position of the 
particles around the outside of cell membrane were considered in these simulations. 
 
Chapter four describes the use of human keratinocytes and murine melanoma 
cell lines to illustrate, experimentally, the influence of electrical and biological 
parameters on viability and delivery efficiency of a model fluorescent molecule, 
SYTOXTM-green.  Using the same cell lines, the effects silica and gold nanoshells into 
on electroporation were explored.  To establish a protocol the use two pulse numbers, 
pulse durations, particle compositions, and particle concentrations were explored along 
with a range of field strengths.  Results for this chapter reflect the delivery efficiency of 
SYTOXTM-green along with the viability of cells after manipulating each of the 
parameters described immediately above.  Other results in chapter four reflect the 
influence of pulse media conductivity on EP, the importance of using the correct model 
dye concentration for in vitro EP, and the significance of isolating viable cell 
fluorescence post-electroporation.  The final chapter of this dissertation, chapter five, 
will summarize this document as a whole and described some projected pathways for 
the future of this research.  
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CHAPTER 2: SYNTHESIS AND CHARACTERIZATION OF COLLOIDS 	  
 
Sub-micron silica colloids and gold nanoshells are both extremely versatile 
materials that have been studied for a broad range of applications including molecular 
delivery, biomedical diagnostics, chemical mechanical planarization, and catalysis [17, 
36, 84, 107, 109, 110, 119].  Silica colloids are a well-accepted platform for materials 
chemistry as they can be surface functionalized for subsequent modifications, their size 
and shape are tunable, and they are structurally stable against both coagulation and 
degradation [33, 81, 120-122].  Gold nanoparticles are one of many popular materials 
used to surface modify silica.  The accumulation of gold particles onto the silica surface 
creates a shell and these composites are commonly known as gold nanoshells.  Gold 
nanoshells are multifunctional particles that possess many of the same properties as 
bare silica colloids, as well as other advantages such as their unique and tunable optical 
and photothermal properties.  These types of particles were chosen for the work 
presented in this dissertation for several reasons.  First, they offer insight on the role of 
both a dielectric and a metallic colloid in the electroporation process.  Secondly, the 
particles are biocompatible and the synthesis techniques for both particle types have 
been well established in literature.  Lastly, the material properties of each particle type 
can be effectively simulated using commercial software based on finite element 
methods. 
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2.1 Stöber Silica Colloids 
 
In recent years, many advances towards isotropic and anisotropic colloidal 
synthesis have been made, therefore making it easier to control many of their properties 
[123, 124].  Synthesizing isotropic silica particles is a fairly simple process and the 
reagents needed are generally inexpensive.  Commonly, the well-known Stöber method 
or a modified version of this method is used to formulate colloidal silica solutions [33, 
120, 125].  The Stöber method, shown in Figure 2.1, is a two-step process that uses 
ammonium hydroxide as its catalyst.  In step one the ethoxy groups from tetraethyl 
orthosilicate are replaced with hydroxyl groups and in the final step silicon hydroxide is 
polycondensed to yield silicon dioxide [111, 125].  The temperature, initiator 
concentration, pH, and reaction time are usually held constant when using this 
technique.  However, manipulating one or more of these parameters easily results in 
variations in particle characteristics such as, size, porosity and morphology [37, 111-
113, 125, 126].  More specifically, altering the concentrations of TEOS or ammonium 
hydroxide produces different sized particles.  The particle size can also be manipulated 
by the changing the temperature and the total reaction time.  Manipulating the 
concentration of the initiator, ammonium hydroxide, allows the porosity and morphology 
of silica to be controlled [111, 125].  Anisotropic silica synthesis is a slightly more 
complicated process.  In some cases, anisotropic colloids are synthesized by further 
processing previously formed isotropic particles.  Researchers have used methods such 
as ion irradiation to elongate isotropic colloids [121].  Others have used a thin film 
stretching process.  In this case, isotropic silica particles are encased within a thin 
polymeric film that is stretched and later dissolved to yield anisotropic colloids [127].  
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Hydrothermal crystallization is another popular method scientist use to prepare 
anisotropic nanostructures [128].  Figure 2.2 illustrates a few of the different silica 
shapes currently being reported in literature [121, 122, 129, 130]. 
 
Surface modification is a method that is used to alter the surface characteristics 
such as charge of substrate materials. Both isotropic and anisotropic silica particles can 
be surface functionalized for the purpose of adding different materials, for instance 
polymers and metals, to their surfaces.  Silica particles are commonly modified using 
amine (-NH2), vinyl (-C=C), or thiol (-SH) groups as illustrated in Figure 2.3 [131-136].  
The use of vinyl groups helps to promote polymer grafting on to the silica surface to 
create inorganic/organic composites.  In this process, an initiator is used to induce free 
radical polymerization of a monomer that is then grafted to the surface of the vinyl-
coated silica [29, 32].  Thiol and amine groups are useful when attaching gold 
nanoparticles to the silica surface to create gold nanoshells.  Both silica colloids and 
gold nanoparticles bare a negative surface charge.  By modifying the charge on the 
core particle to reflect a positive surface charger an electrostatic interaction between the 
two surfaces becomes possible [131-136].  The gold nanoparticles then act as 
nucleation sites on the silica surface to promote the attraction of excess gold and form a 
complete metallic shell around the silica core [112, 137].  There are many other silica 
based composite particles that all exhibit different properties including magnetic, optical, 
catalytic, and photothermal depending on their overall composition [107, 110, 115, 138].   
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2.1.1 Experimental: Method and Materials 
 
Silica particles were synthesized for use in in vitro electroporation studies and to 
be used as colloidal substrates for gold nanoshell synthesis.  The Stöber method was 
used to synthesize the silica colloids [125].  To promote gold nanoparticle attachment 
and shell growth, the silica particles were surface functionalized with positively charged 
amine groups.  Both bare and surface modified silica particles were characterized using 
dynamic light scattering, transmission electron microscopy, and Fourier transform 
infrared spectroscopy. 
 
• Materials: Tetraethylorthosilicate (98%) (TEOS) and 3-
aminopropyltrimethoxysilane (APTMS) were both purchased from Acros 
Organics. Deionized (DI) water was purified using Easypure UV water 
system and ethanol was purchased from Pharmaco-AAPER & 
Commercial Alcohols. Ammonium hydroxide (28-30%) was purchased 
from Sigma Aldrich. 
 
• Synthesis procedure: Typically, 25 ml of ethanol, 6.6 ml of water, and 6 ml 
of ammonium hydroxide were mixed at constant temperature for 30 
minutes.  After half an hour, 3 ml of TEOS was added and the reaction 
mixture was left undisturbed inside a fume hood for a fixed amount of 
time.  To purify the particles and remove them from the ethanol-based 
medium, the solution was centrifuged for 30 minutes at 4000 xg.  The 
settled particle pellet was redispersed in 30 ml of ethanol and 
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centrifugation was repeated a minimum of three times to remove any 
residual reagents.  The particles were then dispersed and re-centrifuged in 
deionized water three to four times to remove the ethanol.  An aliquot of 
the particles was then dried in a vacuum oven, weighed and redispersed 
in phosphate buffer saline for in vitro electroporation experiments.  The 
remaining silica particles were redispersed in deionized water for 
characterization and gold nanoshell synthesis. 
 
• Surface functionalization of silica particles: APTMS was used to terminate 
the surface of silica particles with amine groups.  To accomplish this, a 
typical procedure involved centrifugation of 7.5 ml of the aqueous silica 
solution to remove excess water followed by re-dispersion in 20ml of 
ethanol.  The silica particles were mixed in ethanol at 75oC for 2-3 minutes 
and an excess of APTMS (~70 µl) was added.  The solution was allowed 
to mix at the same temperature for 12 hours.  The residual APTMS was 
removed by centrifugation two to three times in ethanol and three to four 
times in water. 
 
• Characterization:  A FEI Morgagni 268D transmission electron microscope 
was used to image silica particles before and after surface modification.  
TEM images offer insight on both the particle shape and size 
polydispersity.  Samples were prepared by drying 10-20 ul of silica 
solution on a formvar copper grid.  Also, dynamic light scattering 
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measurements were taken using a Malvern Zetasizer to determine particle 
size distribution.   DLS samples were prepared by dispersing 20 ul of silica 
solution in 1ml of water and mixing in a polystyrene cuvette.  To 
investigate the presence of amine groups on functionalized silica particles 
Fourier transform infrared spectroscopy (Nicolet Magna IR Spectrometer 
860) was utilized.  FTIR samples were created combining dried silica and 
potassium bromide together and pressing the mixed powder into a pellet. 
 
2.2 Gold Nanoshells Synthesis 
 
Several methods [111, 137-139] currently exist to successfully grow metallic 
shells onto colloidal substrates.  Two of the most popular techniques used to deposit 
gold onto silica particles are described here.  The first method detailed is the layer-by-
layer technique (LBL), [37, 126, 138, 140].  For this technique, multiple steps are used 
to separately create and functionalize each component of the particulate system.  In the 
first step, colloidal silica particles are synthesized using the Stöber method and surface 
functionalized with 3- (aminopropyl) trimethoxysilane, previously described in section 
2.1.  Next, small gold nanoparticles ranging for 2 to 5 nanometers in diameters were 
synthesized through the reduction of tetrachloroauric acid (HAuCl4).  The reduction 
reaction of HAuCl4 can be performed using one of many reducing agents such as, 
formaldehyde, sodium borohydride, sodium hydroxide, or ascorbic acid.  To stabilize 
nanoparticles against coagulation researchers often use what is known as a capping 
agent.  Some common capping agents used to prevent aggregation of gold 
nanoparticles include tetrakis (hydroxymethyl) phosphonium chloride (THPC) and 
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sodium citrate.  For experiments reported in this dissertation, gold nanoparticles were 
either freshly prepared the day of nanoshell synthesis or if previously prepared, stored 
at 4oC to inhibit the formation of aggregates.  UV-visible spectrophotometry was used to 
determine the presence of aggregates before freshly prepared nanoparticles or 
refrigerated nanoparticles were used.  Amine modified silica and the gold nanoparticles 
were mixed together in an aqueous medium and as a result of electrostatic forces gold 
nanoparticles self-assemble on to the silica surface.  Separately, a gold salt solution 
known as K-gold was prepared.  This aqueous solution consisted of deionized water, 
potassium chloride, and chloroauric acid.  Gold seeded silica particles were then added 
to the K-gold solution followed by the addition of a reducing agent, either sodium 
hydroxide or formaldehyde.  The reducing agent was used to reduce freely dispersed 
gold ions in the K-gold solution into solid nanoparticles.  These suspended 
nanoparticles then are attracted to the gold nanoparticles already attached to the silica 
core forming a complete nanoshell [37, 111, 126]. 
 
Deposition-precipitation (DP) is an alternative method used to create gold 
nanoshells [112, 135, 137].  This process is sometimes preferred over other techniques 
mainly because it requires fewer reaction steps, which ultimately shortens the time of 
the synthesis technique.  In spite of this advantage, controlling all of the parameters 
such as pH, temperature, and reaction time associated with the DP method can be a 
challenge.  Therefore, it is sometimes necessary to take the longer LBL route to achieve 
desired results.  In a process described by Kah et al. [137], using the deposition-
precipitation method gold nanoparticles were precipitated directly in the presence of 
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amine-functionalized silica particles [112, 137, 141].  In the DP method, gold salt 
solution is hydrolyzed in the presence of amine functionalized silica particles under 
slightly basic conditions, pH 7-9.  A basic atmosphere is necessary because it is within 
this pH range that (Au (OH)3Cl)- ions are the most prevalent.  The presence of these 
particular ions is important because precipitation is most efficient using this specious of 
chloroauric anions.  A basic pH is also above the isoelectric point (IEP) of the silica 
support material and as a result negatively charged chloride ions will not attract to its 
surface.  The inability of chloride ions to attach to the silica surface encouraged the 
growth of small gold nanoparticles that are favorable for producing a uniform nanoshell.  
Once the seeding step was complete a K-gold solution, similar to the one previously 
described, was used in conjunction with a reducing agent and a capping agent to create 
the final outer gold nanoshell [137, 142, 143]. 
 
2.2.1 Experimental: Method and Materials 
 
Gold nanoshells presented here were synthesized using the deposition-
precipitation method.  Using transmission electron microscopy the particles were 
imaged before seeding, after seeding, and after complete shell formation.  The optical 
properties were also explored to determine the presence and thickness of the shell after 
seeding and after full shell growth. 
 
• Materials: Sodium citrate and sodium borohydrate were both purchased 
from Acros Organics.  Chloroauric acid (HAuCl43H2O, 99%) was 
purchased from Sigma Aldrich and deionized water was purified using 
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EasyPure UV water system. Sodium hydroxide and potassium carbonate 
were purchased from Fischer Scientific. 
 
• Gold Seeding of Silica Particles: First, gold salt was dissolved in deionized 
water to form a 6.35 mM concentrated solution.  The pH was measured to 
be about 2.  The desired pH for gold nanoparticle precipitation is 8, 
therefore, the pH was adjusted to create a more basic environment by 
adding 0.1 M sodium hydroxide drop wise until the proper pH was 
reached. The silica solution (0.1 g or 1 ml) was added to the gold salt 
solution and mixed for two to three minutes to disperse the particles.  The 
silica/gold salt mixture was then heated to 75oC and the reaction was 
allowed to stir continuously for 45 minutes.  Lastly, centrifugation was 
used to recover the gold seeded silica and remove any unreacted gold 
precipitates. 
 
• Gold Nanoshell Growth: A potassium carbonate or K-gold solutions was 
formulated by mixing 1.5 ml of 25 mM HAuCl4 and 60 mg of potassium 
carbonate into 100 g of deionized water.  The K-gold solution was left 
undisturbed for 24 hours at room temperature to allow the pH to stabilize.  
After 24 hours the pH was measured to be 10.1, which is desired for shell 
growth.  A 4 ml aliquot of K-gold solution was mixed with 20 μl of gold 
seeded silica particles for 2 minutes.  Next, 200 µl of sodium citrate was 
mixed in and after 2 minutes 400 µl of sodium borohydride was added.  To 
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prevent the excess gold from reducing too quickly and forming large 
aggregates the NaBH4 was added in 100 µl per minute increments.   
 
• Characterization: UV-vis Spectrophotometry was used to determine the 
absorption wavelength of both gold seeded silica and gold nanoshells. 
Particles were imaged after both the seeding and shell formation steps 
using TEM. 
 
2.3 Results and Discussion 
 Successful synthesis of silica particles was achieved using a modified version of 
the Stöber method.  Manipulating the reaction time and temperature for this process 
allowed the synthesis of silica particles with various sizes, as illustrated in Table 2.1 and 
Figure 2.4.  Particles with larger diameters were chosen to microscopically visualize the 
colloids and also prevent their cellular uptake during electroporation, described in the 
following chapter.  Colloids with sizes in the range of (700-800 nm) were created using 
a long reaction time of 24 hours at room temperature. For comparison, smaller particle 
sizes were also synthesized using a shorter reaction time of six hours and a higher 
temperature of 30oC.  Shown in Figure 2.4 are DLS plots comparing the size distribution 
of each of these samples.  Figure 2.4 demonstrates that the smallest particle size 
obtained (200 nm) was seen when the reaction time was short and the temperature was 
elevated.  Using a lower temperature and a short reaction time resulted in a slight 
particle diameter increase from 200 nm to 400 nm.  Those particles synthesized at room 
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temperature for the longest reaction time of 24 hours exhibited the largest particle 
diameter at 800 nm. 
 
FTIR was utilized to determine the presence of amine functional groups on the 
silica surface.  The spectra shown in Figure 2.5 compare silica before and after surface 
modification.  Before functionalization a major peak around 1000 cm-1 can be seen, this 
is the signature peak for Si-O-Si bonds.  The same signature peak was seen in the 
amine-silica spectrum, but no additional peaks representing the presence of amine 
functional groups were seen.  Therefore, the amount of APTMS used was not significant 
enough to be detected using this technique.  Although, FTIR did not show any additional 
peaks representative of amine functional groups, their presence was later inferred 
through the even attachment of negatively charged gold nanoparticles.  Literature 
reports state that gold seeding on non-functionalized silica resulted in minimal to no 
gold attachment.  Both bare and functionalized silica particles were also imaged with 
TEM.  The surface and size characteristics of both functionalized and bare silica were 
visually identical therefore TEM images of amine functionalized silica are not shown.  
Images shown in Figure 2.6 illustrate large, medium and small silica particles with low 
polydispersity.  Based on the scale bar the larger particle diameter was approximated to 
be slightly less than a micron.  The diameter of the smaller particles was around 200 nm 
and the medium sized particle diameter was approximately 400 nm, as observed in the 
DLS plots shown in Figure 2.4. 
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Using the DP method [137] gold nanoparticles were attached to the surface of 
amine modified silica colloids.  Basic conditions (pH=8) and high temperatures (T=75oC) 
were required for successful shell growth using this technique.  These conditions ensure 
that gold ions were properly precipitated into small gold nanoparticles (2-5 nm).  High 
temperature encouraged bonding between gold precipitants and the surface of amine 
functionalized silica.  Another critical component was the reaction time.  Therefore, it 
was closely monitored to ensure only small gold precipitants were formed.  It was 
observed that reaction times exceeding 45 minutes promoted the growth of large gold 
nanoparticles greater than 20 nm.  TEM images, in Figure 2.7, show gold seeded silica 
particles closely resemble the appearance of bare silica particles in size and shape.  
However, the particle surface was slightly rougher in appearance after gold seeding 
occurred.  The rough surface indicated the presence of small gold nanoparticles (2-5 
nm) adsorbed to the substrate surface.  To promote the growth of complete and uniform 
shell, gold precipitants must have small diameters.  TEM images were also used to 
capture the surface characteristics of the completed gold nanoshells.  From these 
images, illustrated in Figure 2.8, it was determined that the surface of completely coated 
silica became more rugged after shell formation. The particles were dense and 
therefore appeared very dark in the TEM images presented.  This feature makes it 
difficult to conclude that the roughness was solely due to the presence of a gold shell. 
 
In order to better determine the presence of the shell, UV-Visible spectroscopy 
was used to obtain the absorption spectra as shown in Figure 2.9.  From the spectrum it 
is obvious that the gold nanoshell absorption peak is broad and expands from the 
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visible to NIR regions.  Comparison with literature indicates that this is a typical 
characteristic of uniform gold nanoshells [137].  For further validation a spectrum was 
taken of the gold seeded silica as well, illustrated in Figure 2.10.  The spectrum shows 
no peak indicating the seeds of gold nanoparticles on the silica surface are not in 
sufficiently concentrated enough to interact with one another and show measurable 
optical absorption.  
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Figure 2.1: Schematic of colloidal silica synthesis mechanism 
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Figure 2.2: Isotropic and anisotropic silica colloid shapes 
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Figure 2.3: Surface modification of silica colloids 
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Figure 2.4: DLS of bare silica particles with varied diameters 
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Table 2.1: Silica synthesis reaction conditions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Temperature Reaction Time Diameter 
30 oC 6 Hours 200 nm 
Room Temperature 6 Hours 400 nm 
Room Temperature 24 Hours 800 nm 
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Figure 2.5: FTIR spectra of silica (a) before & (b) after NH2 functionalization 
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Figure 2.6: TEM images of bare silica a) 200nm, b) 400nm, c) 800nm 
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Figure 2.7: TEM images of gold seeded silica (a & b) and bare silica (c & d) 
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Figure 2.8: TEM images of gold nanoshells (scale bars = 1000 nm)  
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Figure 2.9: UV-vis spectrum of gold nanoshells 
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Figure 2.10: UV-vis spectrum of gold seeded silica 
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CHAPTER 3: MODELING ELECTRIC FIELD DISTRIBUTION 
 
 
3.1 Finite Element Modeling Using COMSOL Multiphysics® 	  
Numerical modeling is a helpful tool that provides researchers the ability to 
investigate complex problems with many parameters, various boundary conditions, and 
intricate geometries.  Modeling can be used to estimate optimal parameter conditions 
before the experimental phase is carried out.  Commercial software including COMSOL 
Multiphysics®, EMAS™ and FEMLAB™, can all be used to explore numerical models for 
a variety of applications. 
 
COMSOL Multiphysics® allows researchers to use a single physical 
phenomenon (heat transfer or electromagnetics or fluid flow etc.) or multiple physical 
phenomena simultaneously to create simple or complex models.  Various “physics 
interfaces” exist within the Comsol Multiphysics® software and each of these interfaces 
is specific to certain applications ranging from acoustics, heat transfer, 
electromagnetics, and chemical reactions among others.  The software is based on 
finite element methods and works by solving partial differential equations to yield 
approximate numerical solutions.  Commonly, numerical methods use many 
assumptions and as a result can sometimes yield less accurate results than analytical 
solutions that are based on fewer simplifying assumptions.  However, the ability to 
control multiple parameters, to include multiple physics, and to create complex and 
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realistic geometries yields many advantages when using COMSOL Multiphysics® 
solutions.  COMSOL Multiphysics®, in addition to providing the ability to control the 
geometry, material properties, and user defined variables and expressions, also allows 
numerical solution at each node within a mesh that is created by discretization of the 
geometrical shape into smaller sub-domains.  The user specifies the material properties 
and boundary conditions within the chosen physics interface.  The interface then forms 
one or more partial differential equations (PDE) for which the software solves for within 
each sub-domain.  The size of the mesh determines the density of the mesh elements.  
The more coarse or fine the mesh is determines how many times the series of PDEs 
are solved in a particular area of the geometry.  The specific PDEs solved at each mesh 
element depend on the chosen physics interface.  For example, the heat transfer and 
fluid flow interfaces solve partial differential equations derived from the governing 
equations known as the heat equation and the Navier-Stokes equations, respectively. 
 
In electroporation, computational studies have been heavily explored through the 
use of COMSOL Multiphysics®.  This tool allows researcher to predict the electric 
parameters for in vitro and in vivo models and also explores the real life effects of the 
electric parameters on biological systems.  For instance, Pucihar et al. [144] used this 
commercial software to investigate the influence of electric parameters on the induced 
trans-membrane potential around a single irregular shaped cell.  In this case, images of 
live cells were taken in real time and cross sections of these images were used to 
generate a three-dimensional geometry to be used for their time-dependent computer 
simulations.  Others have used COMSOL to study nucleation of pores, pore radii 
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expansion, the influence of skin tissue conductivity on pore formation, the effect of pulse 
shape and much more [63, 64, 144, 145]. 
 
In this dissertation, the possibility of using COMSOL Multiphysics® to understand 
the influence of sub-micron colloidal particles on electric field distribution around a 
single cell was explored.  More specifically, the effect of colloidal composition, 
concentration, and orientation around a cell were explored.  The electric field 
distribution, and subsequent trans-membrane potential, was estimated along with the 
disturbance in the field due to the presence of dielectric and metallic particles, 
separately.  Field distribution around a cell provides the electrical potential inside (ICP) 
the cell membrane and at different points around the outside (ECP) of the cell.  Using 
these values the trans-membrane potential is calculated.  Typically, a TMP at or above 
1V initiates the formation of pores in the cell membrane that are responsible for allowing 
the transport of outside material. 
 
Typically, COMSOL Multiphysics® uses electrostatic physics interfaces and 
electric current physics interfaces to model dynamic and steady state electric fields and 
electric currents.  The governing equations used in these two interfaces are Ohm’s law, 
the equation of continuity, and Gauss’ law, shown in Equation 3.1, 3.2, and 3.3, 
respectively. 
  𝑱 = 𝜎𝑬	    (3.1)	  
	   	   	   	    
  𝜕𝜌𝜕𝑡   +   ∇ ∙ 𝑱 = 0	    (3.2)	  	   	   	   	    
  ∇ ∙ 𝜀𝑬 = 𝜌	    (3.3)	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 For the results presented in this dissertation the electric current interface, which 
solves a current conservation problem for scalar electric potential, was used.  This 
interface uses a more general form of Ohm’s law (shown in Equation 3.4) where Je is an 
externally generated current density.  Equation 3.5 denotes the static representation of 
the equation of continuity and Equation 3.6 is the generalized form of this equation used 
to handle current sources.  The latter equation is solved for the electric currents physics 
interface in steady state. 
 𝑱 =   𝜎𝑬  +   𝑱! 	   (3.4)	  
	   	    
 ∇ ∙ 𝐉 =   −∇ ∙ σ𝐄− 𝑱! = 0,where  𝐄 = ∇V	   (3.5)	  	   	    
 −∇ ∙ (𝜎∇V− 𝐽𝒆) = 𝑄𝒋	   (3.6) 
 
3.2 Model Set-up  
COMSOL Multiphysics® 4.2a was used to simulate electric fields in the presence 
of circular objects with properties mimicking silica colloids, gold nanoparticles, and cells.  
Two dimensional steady state homogeneous electric field simulations were carried out 
using the electric current physics interface.  For all studies shown here the left and right 
borders represent ground and the field source (800 V/cm), respectively.  It is also 
important to note that the top and bottom boundaries represent insulation.  The 
electrical and geometric parameters for the simulations are illustrated in Table 3.1 [43].  
Properties and parameters for the saline, cell membrane, and cell interior were kept 
constant while the material composition and geometry for the colloids were varied.  
Boundary conditions used to determine particle position around the cell are shown in 
Figure 3.1.  A 10-micron cell is depicted along with two sets of boundary conditions 
used to determine the symmetrical placement of the 0.8-micron particles.  The first 
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boundary condition used is a linear boundary.  Here, the linear boundaries are 20 µm in 
length and are separated by 9-degree angles.  The length of the linear boundary was 
chosen because the size of the work plane did not exceed 20 µm. The value for the 
angle of separation, 9-degree, was used because it allowed maximum number of 
particles to be added in each quadrant and it was large enough to boarder a 0.8 micron 
particle without contacting its surface.  For the second boundary condition concentric 
circle geometries were chosen.  The circular boundaries, starting with the closest to the 
cell, have radii of 6, 7, 8, 9, and 10 µm.  These conditions were set using Equation 3.7 
where, Ro and Rc denote the radius of the outer boundaries and the cell, respectively, 
and Dp is the particle diameter.   
  𝑅! − 𝑅! > 𝐷!   (3.7)	  	   	   	   	   	    
  𝑅! < 𝑟! < 𝑅!   (3.8) 	   	   	   	   	    	   	   0°  ≤ 𝜃! ≤	  360°	   	   	   (3.9) 
 
The colloids were placed using Equations 3.8 and 3.9.  In Equation 3.8, rp represents 
the distance of the particle center from the cell center, and in Equation 3.9 the angle at 
which the particle is placed is indicated by θp. 
 
Polar plots were created to find the electric potentials at various angles around 
the cell.  The values from these plots were used in Equation 1.3 to calculate the trans-
membrane potential (TMP) at different angles around the cell. The TMP values were 
then re-plotted and are presented here in the form of scatter plots.  Contour plots are 
also shown to illustrate the interactions between the colloids and the electric potential 
lines. 
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3.3 Results and Discussion 
 Figure 3.2 displays the electric potential around a single 10 µm cell with a 5 nm 
membrane thickness.  The intracellular potential (ICP) was determined to be 0.8 V and 
the extracellular potential (ECP) varied at different angles around the cell.  The 
difference in the ICP and the ECP is known as the trans-membrane potential.  For a 
single cell exposed to an electric field of 800 V/cm the TMP was calculated to be 0.66 V 
at 0o.  The trans-membrane potential at 0o, 90o 180o and 360o are all depicted in Table 
3.2 and the scatter plots in Figure 3.7 A and B illustrate the TMP at all other angles (0 – 
360o). 
 
Simulation results for an 800nm silica particle and an 800 nm gold nanoparticle in 
the path of an electric field, separately, are shown in Figure 3.3 A and B.  The potential 
lines closest to the dielectric particle surface bend into the particle.  Lines closest to the 
metallic particle bend around the particle surface.  The potential around each particle 
was equal, (0.8 V) to one another and to the ICP of the single cell shown in Figure 3.2. 
 
In Figure 3.4 the particle geometries and properties were added to the single cell 
model and each particle type was simulated at a 1:1 particle to cell ratio.  Figure 3.4 A 
shows a single cell with a single dielectric particle placed at 0o in the region closest to 
the origin of the field source.  Figure 3.4 B depicts the same setup but using a metallic 
particle instead.  The TMP calculated for each of these plots are denoted in Table 3.2 
and Figures 3.7 A (SiO2) and B (GNP).  It was determined that the TMP from the cell 
alone and the TMP of the plots with a cell and either particle type was approximately 
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equal at each angle around the cell.  Therefore, it was concluded that no influence on 
the electrical potential was observed when a single silica particle or a single gold 
nanoparticle was present. 
 
To determine the influence of particle concentration on the electric field, the 
particle concentration was increased and particle position around the cell was 
manipulated.  It is important to note that as the particle concentration increased to 80 
particles per cell it became more difficult for the software to converge in the steady state 
mode, particularly for the simulations with metallic particle.  Therefore, in these 
simulations a coarser mesh was used to acquire a solution.  Figures 3.5 A and B 
illustrate silica and gold nanoparticles oriented around a single cell.  In both figures the 
ratio of particles to cells is 80:1.  Based on the calculated TMP from each contour plot, it 
was determined that increasing the number of particles with either material property had 
little to no effect on the electric field. 
 
The effect of particle shape the on electric field distribution was explored by 
incorporating anisotropic (elliptical) geometries into the COMSOL Multiphysics® 
simulations.  Both dielectric and metallic properties were assigned to the ellipsoids and 
the results are shown in Table 3.3 and Figure 3.6 A and B.  Again, it was concluded that 
altering the particle shape did not have an influence on the field distribution using either 
set of particle properties.  Overall, the influence of dielectric and metallic colloids at 
different concentrations on the applied electric field distribution was minimal. 
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The overall results presented in this chapter showed that colloidal particles had 
little to no significant effect on the electric field distribution and trans-membrane 
potential around a single cell.  However, there are few important caveats to consider.  
The simulation shown here were simplified to two-dimensional steady state models of a 
single cell.  These models do not account for time-dependent behavior, cell-to-cell 
interactions, or random particle placement.  Typically, in electroporation cells are in 
close proximity to one another and that interaction would have some influence on how 
each particle is affected by the electric field.  Also, results only show the influence of 
particles strategically placed around the cell whereas in actual experiments the particle 
placement cannot be controlled.  These experimental investigations are detailed in the 
subsequent chapter.  To properly interpret the experiments, a numerical model will have 
to be developed to include dynamic effects, multiple particle or multiple cell interactions, 
and three-dimensional arrangements.  
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Table 3.1: EF simulation parameters 
 Saline Cell Membrane Cell Interior Silica Gold 
Conductivity 1 S/m 5e-12 S/m 1 S/m 1e-14 S/m 4.5e7 S/m 
Relative 
Permittivity 80 3 50 2.09 6.9 
Shape Square Circle Circle Circle Circle 
Size 20 ×20 µm Thickness =0.005 µm r =5 µm r = 0.4 µm r = 0.4 µm 
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Figure 3.1: Cell with boundaries used for particle placement 
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Figure 3.2: Contour plot of 10 µm cell 
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Figure 3.3: Contour plot of 0.8 µm colloids 
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Figure 3.4: Contour plot of 10 µm cell with 0.8 colloid in a 1:1 ratio 
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Figure 3.5: Contour plot of 10 µm cell with 0.8 colloid in 1:80 ratio 
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Table 3.2: Calculated trans-membrane potential 
Trans-membrane Potential: Isotropic Particle Geometry 
Angle Cell Only 
1:1 Cell to 
SiO2 
1:80 Cell to 
SiO2 
1:1 Cell to 
GNS 
1:80 Cell to 
GNS 
0o 0.66V 0.66V 0.72V 0.66V 0.68V 
90o 0.02V 0.01V 0.04V 0.01V 0.04V 
180o -0.66V -0.66V -0.72V -0.66V -0.68V 
270o -0.01V -0.01V 0.03V -0.01V -0.04V 
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Figure 3.6: Contour plot of 10 µm cell with 0.8 anisotropic colloid in 1:80 ratio 
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Table 3.3: Calculated trans-membrane potential 
Trans-membrane Potential: Anisotropic Particle Geometry 
Angle 1:80 Cell to SiO2 1:80 Cell to GNS 
0o 0.68V 0.68V 
90o 0.04V 0.04V 
180o -0.68V -0.68V 
270o -0.04V -0.04V 
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CHAPTER 4: In vitro ELECTROPORATION1 	  	  
4.1 Reversible and Irreversible Electroporation 
Electroporation is a technique in which an external electric field is applied across 
a cell membrane.  The electric field causes a buildup of opposing charges on either side 
of the membrane resulting in an electrostatic attraction.   The charge attraction causes 
the cell membrane to thin and eventually defects or pores form [22, 23, 50, 146].  The 
membrane pores allow molecules, such as DNA and proteins, to diffuse into the cell’s 
intracellular matrix [25, 50, 147, 148].  The membrane defects that occur as a result of 
electroporation can be either reversible or irreversible (IRE).  Irreversible electroporation 
occurs when the pores in the cell membrane become too enlarged resulting in cell 
lyses.  The membrane becomes completely compromised and the cell ultimately 
becomes non-viable.  Using harsh electroporation parameters such as, electric field 
strength, pulse duration, and ionic strength of the EP medium often leads to IRE since 
these factors determine the initiation of pore formation and pore diameter [22, 23, 149].  
Irreversible pore formation is favorable for applications that aim to kill diseased cells, for 
example cancerous cells [150, 151].  In reversible electroporation, once the electric field 
is removed the pores stabilize and eventually reseal leaving the cell membrane intact.  
For this dissertation, the focus was reversible electroporation of cells.  The mechanism 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Portions of this chapter are published in Journal of Fluorescence, 2015. 25(1): p. 159-
165.  Permission is included in Appendix A. 	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of reversible pore formation can be explained in four basic steps: induction, expansion, 
stabilization, and resealing, illustrated in Figure 3.1.  In the first step an external field is 
applied to suspended or adherent cells and causes an increase in the trans-membrane 
potential of the membrane.  As the trans-membrane potential increases beyond a 
threshold, approximately 1 V, the expansion step occurs.  In this step the defects or 
pores begin to form and expand proportionally to the length of the pulse duration.  The 
electric field is then removed causing the cell membrane to stabilize into a state of 
permeabilization.  Lastly, over a period of time that ranges from seconds to minutes, the 
membrane reseals [22, 51, 152]. 
 
4.1.1 Interplay of Electrical and Biological Factors 
One of the challenges in using electroporation is finding a balance between 
maintaining high cell viability while efficiently delivering the therapeutics [8, 25, 146]. 
Several parameters ranging from the biological environment to the electrical conditions 
must be examined in order to overcome this challenge.  These parameters are 
illustrated in Figure 3.2.  Biological conditions such as cell diameter, temperature, and 
pulsing media composition are all important.  It has been described in literature that cell 
type is not much of a factor for EP as various cell lines, including neurons, 
keratinocytes, and E.coli have been successfully treated using this method [21, 153-
155].  However, cell size has been shown to have an impact on the electroporation 
process.  The cell diameter is inversely correlated to the size of the electric field needed 
for pore formation [8, 23, 156].  For example, smaller cells such as bacteria (0.5-2 µm) 
require larger electric fields ranging from 5-10 kV/cm to create pores in their 
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membranes [157, 158].  Another important biological condition is media temperature.  
This parameter plays a vital role in successful resealing of the cell membrane after 
pulsing [8, 22].  Higher temperatures result in faster reorganization of the membrane 
and overall better cell viability.  Therefore, it is important to incubate electroporated cells 
at ~37oC in order to promote membrane resealing. [8, 22]. 
 
Maintaining control over the electrical parameters is also important when trying to 
maintain good cell viability and efficient molecular delivery.  Electric field strength, pulse 
number, and pulse duration must be carefully monitored during reversible 
electroporation.  Optimizing field strength is critical because it is needed to initiate pore 
formation and it is also directly proportional to the percentage of cells that actually 
undergo electroporation [8, 23].  Pulse duration and number of pulses are both critical 
because they determine the efficiency of membrane permeabilization by controlling pore 
density [23].  Typically, electroporation induced molecular delivery is possible through 
the use of micro- to millisecond pulses at voltages ranging from 200 V/cm to 2000 V/cm 
[158-160].  It is important to note that this is only a range and the pulse duration and 
voltage needed could be higher or lower depending on the characteristics of the cell 
line.  All of these factors play a major role in successful creating membrane pores 
through reversible electroporation, but if not properly optimized each of them can greatly 
reduce the overall cell viability. 
 
For experiments presented here, human keratinocytes and murine melanoma 
cells (10-12 µm) were pulsed using microsecond durations and electric fields ranging 
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from 0.2- 2.5kV/cm.  Electroporation experiments using two different electrode 
orientations, radial and parallel illustrated in Figure 3.3 are described here along with 
the influence of colloidal particles and pulse media conductivity.  Fluorescence results 
showing the efficiency of electroporation as a delivery route for SYTOX®-green will also 
be detailed along with the exploration of cell viability after electroporation using a 
colorimetric assay.  Lastly, an important contribution based on the development of a 
new fluorometric assay used to isolate fluorescence of viable electroporated cells will be 
explained. 
 
4.2 Experimental Protocols: Fluorescence, Viability, and Data Correction 
To determine an efficient electroporation protocol with colloidal particle, in vitro 
experiments using SYTOX®-green as a model molecule were performed.  SYTOX®-
green was used as a model molecule to determine the efficiency of cellular uptake both 
with and without sub-micron colloids.  This dye was chosen because it is small in 
structure and known to be membrane impermeable to viable cells.  Also, the presence 
of SYTOX®-green is easily detected using a fluorescence/absorbance microplate reader 
due to its bright green fluorescence when bound to deoxyribonucleic acid (DNA).  
Molecular delivery using electroporation is most efficient if the uptake molecule is 
present during pulsing, so one disadvantage to using SYTOX®-green is that it has to be 
added after immediately after pulsing is completed [22].  Previous work by Jaroszeski 
et. al. determined that the electric pulse seemed to have a negative impact on the 
molecule, which caused its fluorescence intensity to decrease (unpublished).  
Phosphate buffer saline (PBS) was used as the electroporation medium because it 
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offers an environment conducive to maintaining osmotic balance, which is important in 
preventing cell lysing [22, 23].  Low conductivity PBS (LC-PBS) was also used as a 
pulsing medium to determine the influence of media conductivity on electroporation.  
Experiments presented here were performed using either a radial multi-chamber 
electrode or a single parallel electrode.  Also, both bare silica colloids and gold 
nanoshells along with several other controls were used in these studies to determine 
particle influence. 
 
Key materials were used for each experiment. Human keratinocytes and murine 
melanoma cells were obtained from the American Type Culture Collection (ATCC).  
McCoy’s 5A, Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum, 
gentamicin sulfate and phosphate buffer saline (PBS) were purchased from Cellgro, 
Manassas, VA.  Trypsin/EDTA, 1X was purchased from Mediatech, Inc., Manassas, VA.  
SYTOX®-green and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
were both purchased from Invitrogen, Eugene, Oregon.  Low conductivity PBS (LC-
PBS) was made by mixing 250 µM glucose in water solution and PBS (as purchased) at 
a ratio of 1:8.8 [161].  The conductivity of PBS and LC-PBS was measured using a 
meter from Fisher Scientific Medex Supply (Brooklyn, NY).  Sub-micron gold nanoshells 
and SiO2 colloids were synthesized in our lab. 
 
Human keratinocytes (HaCats) and murine melanoma (B16-F10) were cultured 
using similar techniques.  Both cell lines were sub-cultured for 4 days (70-80% 
confluency) in DMEM and McCoy’s 5A media, respectively.  DMEM and McCoy’s 5A 
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were both supplemented with 10% (v/v) fetal bovine serum and 0.1% (v/v) gentamicin 
sulfate.  Cells were grown in 75cm2 flasks and seeded at a density of 2 x 104 cells/cm2.  
Each flask was incubated in a humidified environment with a temperature of 37 °C 
containing 5% CO2.  Cells were harvested from culture using Trypsin/EDTA, 1X.  
Centrifugation was used to remove the culture media at 200 x g and 4°C for 5 minutes.  
The supernatant was then discarded and the cellular pellet was dispersed in fresh 
culture media.  Then, using an automated cell counter from Invitrogen (Eugene, 
Oregon), cells were then counted and seeded in 96 well plates as a density of 3 x 104 
cells/well.  For viability and fluorescence curve experiments cell were seeded at density 
ranges of 1 - 5 x 104 per well and 0.5 - 20 x 103 per well, respectively.  For all 
fluorescence experiments, cells were seeded in 96 well plates and incubated overnight. 
 
Cells were then used for In vitro electroporation studies.  After 24 hours, 200 ul of 
media was aspirated using a vacuum pump. Following this step, various reagents were 
added to each well, this is illustrated in Figure 3.4.  It is important to note that two 
different electroporation solutions with different conductivities were used.  Both 
phosphate buffered saline (PBS) without Ca2+ and Mg2+, and low conductivity PBS (LC-
PBS) were used as EP media.  To formulate the latter solution PBS was diluted 1:8.8 
with 250 µM aqueous glucose solution [161].  Conductivities for PBS and LC-PBS were 
measured using a portable conductivity meter to be 1.4 and 0.14 S/m, respectively.  In 
Table 3.1 the electrical parameters and biological conditions used for different 
experiments presented in this chapter are shown.  Once the reagents were added to the 
plate the desired wells were pulsed using either a multi-channel stainless steel radial 
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electrode with a 0.2 cm inter-plate distance or a single stainless steel parallel electrode 
with an inter-plate distance of 0.36 cm.  SYTOX®-green was added immediately after 
pulsing each well and the plate was left undisturbed for one hour.  The fluorescence 
intensity of each well was then read using a fluorescence plate reader.  In some studies, 
colloidal silica or gold nanoshells were used.  For these experiments, one of two 
particles per cell ratio was chosen, 45:1 or 250:1. 
 
Post electroporation viability experiments were carried out. One hour after 
pulsing cells 50 µl of EP media was added to the control wells (without SYTOX®-green) 
to bring the final volume to 100 µl which was equivalent to the SYTOX®-green 
containing wells.  Next, to promote cell recovery and bring the final volume of all wells to 
200 ul, 100 µl of culture medium was then added. MTT powder was then mixed in 
electroporation media at a 5 mg / ml concentration.  20 µl of this solution (1:10) were 
added to each of the well and the plates were incubated at 37oC in a humidified 
environment containing 5% CO2 for 4 hours.  Using a vacuum pump the media was 
aspirated from each well and 100 µl of DMSO was added to each well to dissolve the 
purple formazan crystals.  Thirty minutes later the absorbance of was read at 540 nm 
with a reference filter at 630 nm.  The standard curve used to calculate the number of 
viable cells post electroporation was generated using this same procedure.  For the 
curve, cells were not pulsed but all other parameters, including media components and 
temperature, were kept identical to the pulsed cell.  Lastly, cells were seeded in 96 well 
plates with different densities ranging from 1 - 5 x 104 cells/well than plates containing 
EP treated cells. 
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Fluorescence data obtained post-electroporation was corrected to obtain viable 
cell fluorescence only.  To do this an assay to calculate dead cell fluorescence was 
established [162].  First, a fluorescence curve was created by seeding and lysing a 
known number of cells, X x 103 (X = 0.5, 1, 2.5, 5, 10, and 20).  The cells were seeded 
in triplicate in a 96 well plate, 200 µl of culture media was added, and the plates 
incubated overnight at 37oC and 5% CO2.  The next day the culture media was 
aspirated and 50 µl of deionized water was added to lyse the cells.  To guarantee all 
cells were lysed they were left in DI water at room temperature for 10 minutes.  Next, 50 
µl of 4 µM SYTOX®-green diluted in DI water was added to each well.  Cells were 
monitored optically for 15 minute using both phase contrast and fluorescence 
microscopy and after 60 minutes the fluorescence for each well was measured using a 
microplate reader.  The fluorescence values obtained were regressed to a quadratic 
equation that was later used to determine the amour of fluorescence from the number of 
dead cells in the treated wells. 
 
In a separate set of experiments a SYTOX®-Green Concentration Curve was 
created.  The curve was used to determine the correct concentration of SYTOX®-green 
to use in the electroporation studies a fluorescence assay was established.  For this 
assay, cells were first seeded in 96 well plates and incubated overnight as previously 
described.  The culture media was removed and 50 µl of deionized water was added to 
lyse the cells.  After 10 minutes 50 µl of SYTOX®-green was added to different columns 
of the plate.  Each column received dye that was previously diluted to a different 
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concentrations ranging from 1 µM to 10 µM.  Plates were left for 60 minutes and the 
fluorescence was read. 
 
Statistical Analysis was carried out for all data presented here. Statistical data 
are illustrated as grand means ± SE.  Data were compared using ANOVA tests with a 
95% level of significance and the mean difference was considered significant at 0.05. 
 
4.3 Results and Discussion  
4.3.1 Establishment of a SYTOX®-green Concentration Curve  
In electroporation studies confirming the correct concentration of DNA stain to 
use is important and should be investigated to achieve the most accurate delivery 
possible.  Using a low dye concentration could result in much of the dye being 
consumed by cells with completely compromised membranes.  A downfall to this 
outcome would be the lack of excess dye present to transport across the membranes of 
reversibly electroporated cells.  In the following sets of experiments a SYTOX®-green 
concentration curve was established to determine if the proper dye concentration was 
used in the previously detailed electroporation experiments.  For these validation 
studies two experiments were completed.  In the first experiment a set number of cells 
were first seeded, incubated overnight and later lysed using deionized water.  SYTOX®-
green solution was added to each of the wells at concentrations ranging from 0 µM to 8 
µM.  The fluorescence data for each of these wells is illustrated in Figure 4.6.  
Increasing the dye concentration from 1 µM to 2 µM resulted in a substantial increase in 
the fluorescence intensity of the lysate.  After the 2 µM mark the curve begins to plateau 
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and no statistically significant increase was seen.  Therefore, the concentration equal to 
or greater than 2 µM was sufficient to illuminate 30,000 lysed cells.  For the second 
experiment the same dye concentrations were used but in this trial the cells were not 
lysed.  Instead, cells were pulsed using 800 V/cm, a common voltage used in many of 
the experiments presented in this chapter.  The data reflective of the finding from this 
experiment is presented in Figure 4.7.  From this figure it was determined that the 
fluorescence began to reach a plateau at any concentration equal to or above 2 µM.  
This means that the dye concentrations above this value were significant enough to 
bind to both reversible and irreversible cells at this particular voltage (800 V/cm).  
Therefore, 2 µM SYTOX®-green concentration was chosen for all experiments displayed 
in this chapter.  Also explored was the viability of cells pulsed and exposed to varying 
dye concentrations.  Results from these studies are shown in Figure 4.8.  Results from 
this figure show the percent viability of all concentrations tested hovered between 90% 
and 100%.  This finding implies the dye concentration, at least up to 8 µM, was good 
enough to be used in EP experiments with minimal concern of cytotoxicity.  
 
4.3.2 Electroporated Human Keratinocytes 
Electroporation (EP) protocols using colloidal silica and gold nanoshells were 
developed for both human keratinocytes (HaCat) and murine melanoma (B16-F10) 
cells.  The DNA stain SYTOX®-green was used to study the molecular delivery 
efficiency and the fluorescence was measured using a fluorescence microplate reader. 
Control samples for all studies presented here include cells in EP media (phosphate 
buffered saline or low conductivity phosphate buffered saline) only and cells in PBS or 
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LCPBS and SYTOX®-green.  It is important to note that the controls with the EP 
medium and SYTOX®-green did exhibit a small fluorescence.  Since SYTOX®-green is a 
membrane impermeable dye that only minimally fluoresces on its own this intensity is 
presumed to be a result of non-viable cells that did not survive the overnight seeding 
process. 
 
Keratinocytes (HaCats) were exposed to a range of electric field strengths in the 
presence and absence of sub-micron colloids.  Fluorescence and viability results for 
HaCats pulsed at 1000 V/cm, 1500 V/cm, 2000 V/cm, 2500 V/cm in the presence of 
SYTOX®-green both with and without silica colloids are shown in Figure 4.9 A and B.  In 
Figure 4.9 A, it is shown that the fluorescence intensity more than doubled when the 
lowest field strength (1000 V/cm) was applied was compared to the unpulsed control 
with PBS and SYTOX®-green.  Also, observed in Figure 4.9 A was the correlation 
between fluorescence intensity and field strength.  It has been well reported in literature 
that the fluorescence intensity is inversely proportional to the field strength and that 
same trend was also observed in experiments presented in this dissertation.  As the 
field strength increased by increments of 500 V/cm the fluorescence intensity also 
increased.  Also compared in this figure were those cells pulsed with and without silica 
colloids.  Based on the data it was concluded that there was no significant increase 
observed when silica particles were present.  Figure 4.9 B is representative of the 
viability of HaCats in controlled samples, those pulsed at different voltages and those 
pulsed in the presence of silica particles.  In this figure the percent viability of cells in 
PBS and cells in PBS with SYTOX®-green was 100%.  Applying field strength of 1000 
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V/cm resulted in a viability decrease of about 20% and as the field continued to increase 
the viability continuously decreased.  Higher field strengths ranging from 1500 – 2500 
V/cm resulted in cell viabilities between 55 and 65%.  The addition of silica particles 
further decreased the cell viability.  It can be seen that when particles were present with 
no pulsing the viability dropped by almost 50%.  For all other voltages tested, the 
percent viability hovered around 40%. 
 
As a result of the huge decline in percent viability when particles were both 
present, the influence of each of these components on cell viability was further 
investigated.  First, the viability of cells with only particles was explored followed by a 
studied that focused on cell viability with both dye and particles.  In Figure 4.10 A and B, 
the fluorescence and the percent viability of cells left undisturbed in the presence of 
silica and gold nanoshells separately is shown.  Also displayed in this figure is the data 
for cells with both particles and dye.  Cells in PBS only, cells in PBS with silica, and 
cells in PBS with gold nanoshells all exhibited minimal fluorescence.  This finding was 
expected since the fluorescence of cells is minute when dye is not present.  Once the 
dye was added an increase in fluorescence intensity was observed.  This fluorescence 
intensity was consistent among all samples containing dye no matter the presence of 
particle.  In Figure 4.10 B the viability of HaCats with and without either particle type 
was approximately 100%.  Adding the dye to the samples with no particles caused little 
change in the viability and it remained around 98%.  However the addition of silica and 
gold nanoshells to samples containing SYTOX®-green resulted in a viability drop to 74% 
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and 81%, respectively.  From these results it was concluded that the cell viability 
decrease could be due to the presence of both the dye and particles.   
 
Conclusions from Figure 4.10 led to further exploration of the effect of SYTOX®-
green on the cell viability.  For this study, electroporation experiments using SYTOX®-
green at various voltages were performed.  The data from these tests are represented 
in Figure 4.11.  The fluorescence data for cells pulsed at 750 V/cm. 1000 V/cm, 1500 
V/cm, 2000 V/cm, and 2500 V/cm basically reflects the common correlation of field 
intensity and fluorescence previously seen in this chapter, therefore it was not shown.  
The focus of this study was to determine the influence of SYTOX-green on cell viability 
at different voltages and this data is shown in Figure 4.11.  It was determined that the 
viability for HaCats in PBS with and without the dye was 100% and 98%, respectively.  
Pulsing cells with field strength of 750 V/cm caused the viability to drop by about 20% in 
the presence and absence of the DNA stain.  Increasing the field strength to 1000 V/cm 
caused the viability to continuously decline to 69% and 73% with and without SYTOX, 
respectively.  The percentage of viable cells remained between 55% and 60% for cells 
pulsed at 1500 V/cm and 2000 V/cm with and without dye.  At the highest field strength, 
2500 V/cm, viability was 57% for cells pulsed without dye and 53% for those pulsed with 
dye.  It was concluded that although the viability decreased as a result of voltage 
increase, the dye alone did not have a major impact on the cell viability. 
 
An important aim was to further probe the electrical parameter space without the 
use of particles.  This was done in an effort to determine the most efficient field strength 
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and number of pulses to use.  In Figure 4.12 results are shown from experiments 
comparing HaCat cells pulsed using all of the same electrical parameters excluding the 
number of pulses.  For these experiments, all samples were pulsed with various 
voltages, 150 µs, and 1 s intervals between each pulse.  The number of pulses for the 
first experiments was 8.  This pulse number is consistent with previously described 
experiment in this chapter.  The second pulse number chosen was 4.  This value is one 
half of the previously chosen pulse number.  It was chosen to determine if cell viability 
would increase as a result of shorter pulse durations.  The shaded and open bars in 
Figure 4.12 A and B are representative of cells pulsed eight and four times, 
respectively.  From this figure, the typical trend, previously described, where 
fluorescence intensity increased as a result of increasing the field strength, is illustrated 
for those cells pulsed 8 times.  However, this trend did not hold true for those cells 
pulsed with only 4 pulses.  In those samples the fluorescence did not show a statistically 
significant increase until higher field strengths of 2000 V/cm and 2500 V/cm were 
applied.  At all other voltages the fluorescence values were approximately equivalent to 
unpulsed cells.  As for the viability, shown in Figure 4.12 B an obvious decline of 20% 
was observed for cells electroporated with 8 pulses as 750 V/cm.  Increasing the field 
intensity cause a subsequent viability decrease by 30%, 40%, and 50% for samples 
pulsed at 1000 V/cm, 1500 V/cm, 2000 V/cm, and 2500 V/cm, respectively.  On the 
other hand, cells pulsed with only 4 pulses did not experience a 20% viability drop until 
around 1500 V/cm.  Lower voltages only resulted in a 5 – 10% decrease and higher 
voltages caused a 30% decline in cell viability.  Although, 8 pulses yielded higher 
fluorescence intensity there was a huge drop in viability indicated that much of this 
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fluorescence could possibly be due to cells with permanently compromised membranes.  
Using four pulses resulted in higher overall cell viability, however the fluorescence for 
750 -1500 V/cm barely differed from the control samples that did not receive any 
pulsing.  Difficulty in finding an optimal balance between dye delivery and cell viability 
led to the explorations of a different cell line, murine melanoma (B16). 
 
4.3.3 Electroporated Murine Melanoma Cells 
Exploration of a second cell line is described in this section.  The goal was to 
determine the influence of electrical and biological parameters on molecular delivery 
and cell viability.  Data shown in Figure 4.13 A and B compare the delivery efficiency 
and viability of the new B16 cell line to that of the previously discussed HaCat cell line.  
The fluorescence data for HaCat cells treated with four pulses and any field strength 
lower than 2000 V/cm showed minimal increase in intensity when compared to cells that 
were not pulsed.  B16 cells treated with four pulses at 750 V/cm also showed no 
significant fluorescence increase when compared to control samples.  However, the 
fluorescence for B16s pulsed at 1000 V/cm doubled in comparison to cells that were not 
pulsed.  Beyond 1000 V/cm the fluorescence continued to steadily increase as the field 
strength increased.  The viability for both the HaCats and the B16s were similar at most 
of the electrical parameters tested.  For both cell types the viability remained between 
90 – 100% when no electric field was applied and when low field strengths of 750 V/cm 
and 1000 V/cm were used.  At 1500 V/cm and 2000 V/cm the viability for B16s were 
approximately 84% and 86%, respectively.  The viability only dropped below 80% when 
the strongest field strength of 2500 V/cm (75%) was applied to B16s.  For HaCats, the 
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viability dropped to 80%, 69%, and 70% at 1500 V/cm, 2000 V/cm, and 2500 V/cm, 
respectively.  It was concluded from this data that the viability of B16s was marginally 
greater than that of HaCats in some cases and the overall viability for all samples 
shown here remained above 70% for the new cell line.  Therefore, murine melanoma 
cells (B16) were used for the remainder of the experiments described in this chapter. 	  
Using the new cell line, the focus of the following experiments was on 
investigating the influence of sub-micron silica colloids and gold nanoshells, separately.  
Samples in these initial trials were pulsed at various voltages using only four pulses.  
Figure 4.14 and Figure 4.15 detail the fluorescence delivery efficiency and viability 
results for cells pulsed with and without gold nanoshells and silica, respectively.  In 
Figure 4.14 A, the fluorescence of B16 pulsed in the presence and absence of gold 
nanoshells is illustrated. The cells with gold nanoshells are expressed with filled bars 
and the open bars reflect samples without particles.  In the first figure, it is clear that the 
presence of gold nanoshells did not cause a numerical increase in delivery at any field 
strength.  Although, the fluorescence did not change much with gold nanoshells present 
the viability, displayed in Figure 4.14 B, did slightly decline as a result of the particles.  A 
percent viability drop between 2% and 12% was observed at each electrical condition 
for cells with and without particles.  At 2500 V/cm the percent viability dropped by 20% 
for cells pulsed with colloids compared to those that were not.  In the set of experiments 
shown in Figure 4.15 A and B, gold nanoshells were replaced with silica colloids.  All 
other electrical and biological conditions were kept constant.  Findings for these trials 
illustrated results similar to those of the experiments with gold nanoshells.  Although the 
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fluorescence values slightly differed numerically at some voltages, no statistically 
significant influence on delivery was observed for cells pulsed with and without silica at 
the same voltages.  However, differences were seen in the viability.  The cells exposed 
only to PBS and silica particles showed a 12% decline in viability compared to the 
control sample.  Samples with and without silica differed in percent viability by 4, 2, 10, 
8, and 5% for cell pulsed at 0, 750, 1000, 2000, and 2500 V/cm, respectively.  It is 
important to note that although there were some viability changes as the voltage 
increased, the viability for samples with and without particles at the same voltage 
showed no statistically significant difference.  Thus far, all studies focusing on the 
effects of colloids on dye delivery have exhibited similar results.  Neither gold 
nanoshells nor silica colloids have been proven to have any influence on electroporation 
and subsequent uptake of the fluorescence dye SYTOX-green. 
 
It was hypothesized that the electric current in ion concentrated PBS (1.4 S/m) 
maybe too high to detect any interference of sub-micron colloids on the electric field.  
Therefore, the use of an EP medium with a lower conductivity (LC-PBS 0.14 S/m) was 
implemented.  For the initial tests using LC-PBS the influence of silica colloids was 
studied using the following electrical conditions, varied voltages, 150 µs, 4 pulses, and 1 
s intervals.  Results from this study are reported in Figure 4.16 A and B.  Changing the 
media content did not have an impact on the common trend seen when increasing field 
strength as it was seen in samples with and without silica.  Samples pulsed at 1500, 
2000, and 2500 V/cm a statistically significant decrease in fluorescence was observed 
when silica was present compared to samples pulsed without silica.  The viability for 
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these experiments is depicted in Figure 4.16 B.  In this figure it is shown that there is a 
20 to 30% decline in viability for most samples including those that did not undergo any 
electric pulse.  The highest drop by 38% was seen for cells pulsed at the highest 
voltage with silica colloids present.  This trend was slightly different when compared to 
other results using silica with B16 cells in PBS, with the control values being 
unexplainably low.  Results from other experiments explained later in this chapter did 
not reflect the same low viability outcome for the control values and as a result it was 
concluded that there might have been some biological anomaly associated with this 
particular batch of cells.  These cells were discarded and fresh cryo preserved cells 
from the same line were thawed and used for the following experiments. 
 
Another important goal was to explore the influence of electrode orientation on 
the uptake efficiency of electroporated B16 cells.  All experiments described previously 
were completed using a radial multichannel electrode and the following results are from 
experiments using a single parallel electrode.  Figure 4.17 shows results from samples 
that were pulsed using one electrode orientation or the other with the same electrical 
parameters, 1300 V/cm, 150 µs, 8 pulses, and 1 s intervals between pulses.  In both 
Figure 4.17 A and B the radial electrode experiments are represented by open bars and 
the samples electroporated using the parallel electrode are illustrated by filled bars.  
The controls samples that included cells in EP media only and cells in EP media and 
dye were almost identical in both sets of experiments which was expected because 
there was nothing different amongst these wells except the cells were seeded on two 
different plates.  As for cells pulsed with the parallel electrode, the fluorescence intensity 
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almost doubled compared to cells pulsed with the radial electrode.  The viability, in 
Figure 4.17 B, for cells electroporated with either electrode type was minimally different 
at 84% and 80% for radial and parallel electrode configurations, respectively.  The 
increase in fluorescence observed for cells pulsed with the parallel electrode could be a 
result of the difference in the inter-plate distance of each electrode.  The parallel 
electrode had a gap space of 0.36 cm while the radial electrode only had a gap space of 
0.2 cm.  The same absolute field strength was used for both electrodes and they were 
both configured to include the entire area of the well bottom.  However, it is possible 
that more cells were able to fit into the pulsing zone for the parallel electrode, therefore 
causing more cells to undergo electroporation.   
 
Using the parallel electrode only, experiments were carried out that focused on 
probing the electrical parameters, specifically pulse duration, field strength, and number 
of pulses.  In Figure 4.18, the voltage and pulse duration was kept constant while the 
number of pulses used was manipulated between 4 or 8.  Figure 4.18 A illustrates the 
fluorescence data for B16s pulsed at each number.  It was observed that the 
fluorescence intensity increased approximately 30% when cells were pulsed with 8 
pulses.  However, the viability for both 8 and 4 pulses were similar remaining near 
100% viability, as seen in Figure 4.18 B.  Based on this data, subsequent experiments 
were performed using only 8 pulses. 
 
Exploration of the influence of particle concentration on the electroporation B16 
cells was further explored using more optimal electrical parameters.  Applying a single 
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middle range voltage with absolute field strength of 800 V/cm, 150 µs, 8 pulses, and 1 s 
intervals, B16 cells were pulsed in the presence of silica colloids and gold nanoshells, 
separately.  Shown in Figure 4.19 A are results from cells pulsed with two different 
concentrations of silica colloids.  The first three bars are control samples representing 
cells in EP media with and without silica only.  These samples exhibited little to no 
fluorescence.  Once SYTOX®-green was added the fluorescence did minimally increase 
and after pulsing the fluorescence intensity greatly increased.  From this figure it was 
determined that particles alone did not appear to enhance the dye fluorescence as the 
numerical values for each sample are very comparable.  A similar finding was also seen 
for those samples that were pulsed.  The particle also seemed to make little to no 
numerical or statistical difference in the delivery of the dye across the cell membrane.  
The viability detailed in Figure 4.19 B shows that the addition of silica colloids at either 
concentration did not have much of an adverse effect on the cell viability.  For these 
samples, the viability remained between 95% and 100%.  Adding SYTOX®-green alone 
resulted in a viability of 95% and adding dye and particles at either concentration 
resulted in a viability around 90%.  Cells that were only pulsed or pulsed with a low 
concentration of silica particles (45:1) experienced a drop in viability to around 85 %.  
Using the highest particle to cell ratio (250:1) resulted in the lowest viability of 77%.   
 
Similar experiments were completed utilizing gold nanoshells instead of silica 
colloids.  In Figure 4.20, the fluorescence results were comparable to the results from 
cells pulsed with silica.  The fluorescence intensity after the addition of gold nanoshells 
at 250:1 particle concentration exhibited a numerical and statistically significant 
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increase.  However, at this same high particle concentration there is a decrease in the 
viability, as illustrated in Figure 4.20 B.  Unpulsed samples both with and without 
particles all maintained a high percent viability between 95 and 100%.  Pulsing both 
without GNS and with a low concentration decreased the viability by 15%.  Adding a 
high concentration of gold nanoshells resulted in approximately a 25% viability drop.  
Numerically, these findings were very similar to those seen with the addition of silica at 
the same concentration.  Statistical analysis suggested that GNS caused higher 
fluorescence intensity.  However, neither gold nanoshells nor silica particles acted as 
enhancers for delivery of the DNA stain using electroporation without mildly 
compromising the cell viability. 
 
All electroporation experiments described in this chapter were performed using 
one of two EP solutions, PBS or LC-PBS.  Therefore, the role each of these solutions 
played in cell electroporation was investigated and described in this section.  The 
following experiments, shown in Figure 4.21 and Figure 4.22, were done using one field 
strength (800 V/cm), 150 µs, 8 pulses, and 1 s intervals.  Cells were pulsed in different 
media with different conductivities using the exact same electrical conditions.  
Demonstrated Figure 4.21 A, is the fluorescence intensity of cells pulsed in PBS was 
about 35% less than the fluorescence intensity for cells pulsed in LC-PBS (shown in 
Figure 4.22 A).  The viability, Figure 4.21 B, of cells pulsed in PBS declined to 80% 
when pulsed at 800 V/cm.  Figure 4.22 B illustrates the viability for cells pulsed in LC-
PBS.  The viability of pulsed cells in LC-PBS was approximately 84%.  Therefore, LC-
PBS was favored over PBS and was used for the following experiments.  
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To further explore the validity these results, experiments were done to test the 
fluorescence intensity of SYTOX®-green in different EP solutions was necessary.  For 
these tests electroporation was not necessary therefore cells were not used.  Instead, 
plasmid DNA was used to replace cells.  Both PBS and LC-PBS were tested along with 
deionized water as a control and the results are shown in Figure 4.23.  Seen here are 
the fluorescence values for each medium alone, with plasmid DNA only, with dye only, 
and with plasmid DNA and dye together.  Samples with media, media with plasmid 
DNA, and media with dye had little to no fluorescence.  Mixing plasmid DNA with media 
containing dye caused the fluorescence values to drastically increase, but no 
statistically significant difference was observed. 
 
4.3.4 Development of Novel Fluorometric Assay 
To more accurately analyze electroporation data an assay was developed to 
isolate the fluorescence of viable cells only.  Once electroporation is complete there are 
two populations of cells exist, viable and non-viable.  The use of a DNA stain as a 
model delivery molecule has the primary challenge of distinguishing between the 
fluorescence of each cell population.  Currently, fluorescence from viable cells is 
isolated using either tedious visual counting methods or expensive instruments, such as 
a flow cytometer, that are not always readily available.  The assay established here 
uses a fluorescence correction curve.  The curve was created by exposing know 
concentrations of cell lysate to SYTOX®-green.  An example of this curve is illustrated in 
Figure 4.24.  The assay also takes into account the number of non-viable cells, 
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determined by a MTT assay.  By combining the viability results with the use of the 
correction curve the viable cell fluorescence can be isolated.   
 
Figure 4.25 details results from cells pulsed at a three voltages using LC-PBS as 
the electroporation solution.  The data shown here reflects original fluorescence values 
and values that have been corrected using the previously described assay.  In Figure 
4.25 A, the filled and open bars represent the uncorrected data and corrected data of 
cells pulsed in LC-PBS, respectively.  Observing the uncorrected data only for both LC-
PBS it could be concluded that as the field strength increased so did the fluorescence 
intensity.  Analysis of the LC-PBS data using the lysate correction curve also showed a 
similar correlation between field strength and fluorescence for cells pulsed at 400 and 
800 V/cm.  However, it can be clearly observed that at the highest field strength, 2500 
V/cm, the fluorescence intensity is not as great as the intensity seen in the uncorrected 
data.  In fact, at this point the value is not statistically significantly different from the 
corrected values of those cells pulsed in LC-PBS at 800 V/cm or 400 V/cm.  Cell pulsed 
in PBS were also analyzed using the fluorescence lysate assay.  In these samples cells 
were pulsed under the same conditions as the cells pulsed in LC-PBS discussed in the 
previous figure.  The uncorrected data shows the typical fluorescence increase as a 
result of field strength, as seen in Figure 4.26 A.  However, once the data was corrected 
it was observed that the fluorescence at each voltage, excluding 2500 V/cm, was 
comparable to the unpulsed control.  Results in Figure 4.25 B show that the viability of 
cells pulsed in LC-PBS steadily decreased as the voltage increased.  At 400 V/cm and 
800 V/cm had a percent viability was approximately 95 and 90%, respectively.  Figure 
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4.26 B displays the viability of cells pulsed in PBS.  The viability also decreases as a 
result of voltage increase.  Field strengths of 400, 800, and 2500 V/cm resulted in 80, 
85, and 15% viability, respectively.  In both media types, applying the highest field 
strength of 2500 V/cm resulted in drastic drops in percent viability.  It is believed that at 
such an intense voltage causes too much damage to the membrane and cell survival is 
subsequently compromised.  Based on these findings it was determined that all 
experiments going forward would be corrected using the lysate assay and the 
remainder of the fluorescence data presented in this chapter will reflect only isolate 
viable cell values. 
 
The remaining data presented in this chapter were all analyzed using the 
fluorescence assay previously described.  In these experiments parameters including 
the influence of colloidal particles, field strength, number of pulses, and pulse duration 
were further investigated. Figure 4.27 details the role of two parameters, field strength 
and silica colloids.  For these experiments 400 V/cm and 800 V/cm were used.  It was 
previously concluded that pulsing cells at very high voltages adversely affected the 
viability therefore the use of 2500 V/cm was excluded here.  Figure 4.27 A displays the 
corrected fluorescence values for cells pulsed with and without silica colloids.  The open 
bars depict the fluorescence of control samples and those samples pulsed with 400 
V/cm and 800 V/cm.  The stripped bars and the filled bars are representative of the 
fluorescence from cells with silica colloids at ratios of 45:1 and 250:1, respectively.  All 
cells electroporated at 400 V/cm, regardless of silica concentration (0:1, 45:1, 250:1) 
resulted in nearly equivalent fluorescence values.  Doubling the field strength to 800 
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V/cm only resulted in fluorescence increase for cells pulsed without particles.  Adding 
particles caused a decrease in the fluorescence intensity making it similar to cells 
pulsed at 400 V/cm.  The viability, in Figure 4.27 B for cells pulsed with 400 V/cm was 
higher than that of cells pulsed with 800 V/cm.  At the lower field strength the percent 
viability ranged from 80 - 90% while the percent viability range declined to 70 – 80% for 
the higher field.  The influence of gold nanoshell concentration was investigated in a 
separate set of experiments. Data from these trials are illustrated in Figure 4.28 A and 
B.  Pulsing cells at either 400 without particles had higher fluorescence than pulsing at 
the same voltage with particles. The same effect was seen for cells pulsed with and 
without particles at 800 V/cm.  The viability at 400 and 800 V/cm ranged from 85 – 95% 
and 70 – 87% for, respectively.  Overall, the use of either particle type did not play a 
major role in dye delivery, in some cases particles seemed to cause more cell death 
resulting in a lower viable cell fluorescence intensity. 
 
The effect of pulse duration was another key parameter examined.  Cells were 
electroporated using 800 V/cm only, and pulse duration of either 50 µs or 150 µs.  
Colloidal particles, silica and gold nanoshells, were also used in some samples. Figure 
4.29 and 4.30 illustrate the data for cells electroporated with silica colloids and gold 
nanoshells, respectively.   Before considering the effects of silica the pulse duration 
points were compared.  In most cases, cells pulsed at 800 V/cm and 150 µs exhibit 
approximately the same amount of fluorescence as cells pulsed at 50 µs using the 
same field strength, as seen in Figure 4.29 A.  However, pulsing cells for 150 µs with 
250:1 silica particle concentration resulted in statistically significantly higher 
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fluorescence intensity than cell pulsed for 50 µs with the same particle number.  The 
corresponding viability data is shown in Figure 4.29 B.  The cell survival observed in this 
figure was slightly higher for cell pulsed at 50 µs versus cell pulsed at 150 µs.  Pulse 
duration of 50 µs with and without silica yielded a percent viability of approximately 
95%.  Cells pulsed at 150 µs with and without silica maintained a viability range of 80% 
to 87%.  In the following experiments, silica particles were replaced with gold nanoshells 
but all other conditions were kept constant.   
 
Presented in Figure 4.30 A are the fluorescence results from the experiments 
comparing cells pulsed for 150 µs versus 50 µs with gold nanoshell.  The fluorescence 
intensities for all pulsed samples in this Figure 4.30 A appeared to exhibit only marginal 
changes.  From this figure it was concluded that increasing the pulse duration by three 
halves or incorporating metallic coated particles did not influence the delivery and 
subsequent intensity of the dye.  The overall viability for the cells pulsed at 50 µs was 
slightly higher with and without GNS compared to 150 µs with and without particles, as 
seen in Figure 4.30 B.  Since dye delivery was comparable among the different pulse 
durations but the viability was higher at 50 µs, this length was chosen for the following 
experiments.   
 
Based on previous results the field strength and pulse duration of choice was 800 
V/cm and 50 µs, respectively.  The final parameter discussed in this chapter was the 
number of pulses.  In these experiments cells were electroporated with either 8 or 24 
pulses both in the presence and the absence of colloids.  The cells electroporated with 
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24 pulses seemed to have slightly higher fluorescence intensity when compared to cells 
pulsed with 8 pulses based on data presented in Figure 4.31 A.  However, only the 
samples with 45:1 particle ratio with 8 pulses verses 24 pulses with the same particle 
number displayed a statistically significant difference.  The addition of silica particles, 
however, did not appear to have much of an effect on delivery using either pulse 
number, as illustrated in Figure 4.31 A.  Pulsing cells 8 times as opposed to 24 times 
did result in slightly higher viability, but only cells pulsed 24 times with 250:1 silica 
particle ration was statistically significantly lower.  As seen in Figure 4.31 B, viability of 
cells pulsed 8 times with and without silica remained above 90% whereas the viability 
for cells pulsed 24 times dropped to 87%, 84% and 80% for no particles, 45:1, and 
250:1 particle concentrations, respectively.  Changing the particle type to gold 
nanoshells resulted in a slightly different effect.  The data presented in Figure 4.32 A 
illustrates a decrease in fluorescence as a result of increasing the gold nanoshell 
concentration, at both pulse numbers.  However, the GNS viability shown in Figure 4.32 
B, was comparable to that of the silica particle experiments in the previous Figure 4.31 
B. Cells pulsed with 0:1, 45:1, and 250:1 GNS to cell ratios 8 times had viabilities of 
100, 93, and 86%, respectively.  Increasing the pulse number to 24 decreased the 
viability to 83, 81, and 73% for gold nanoshell to cell ratios of 0:1, 45:1, and 250:1, 
respectively.  Probing the previously described conditions such as field strength, pulse 
number, pulse duration, and colloid concentration, led to the following conclusions.  B16 
cells in LC-PBS pulsed at 800 V/cm, 50 µs, 24 pulses, and a low particle concentration 
was the best system established for delivery of SYTOX®-green while maintaining 
sufficient cell survival. 	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Figure 4.1: Reversible Electroporation Mechanism 
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Figure 4.2: Illustration of key electroporation parameters 
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Figure 4.3: Parallel and radial electrode configuration schematic 
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Figure 4.4: Parallel (a & c) and radial (b & d) electrode images 
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Figure 4.5: Depiction of well content for in vitro electroporation 
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Table 4.1: Electrical parameters & biological conditions used in EP experiment 
 
 
 
 
 
 
 
 
 
 
 
 
  
Electrical and Chemical Parameters 
Voltage Range 200-2500 V/cm 
Pulse # 6 or 8 
Pulse Duration  100 µs or 150 µs 
SYTOX®-green Solution Concentration 4µM (Stock)  2µM (Total Concentration per well) 
Colloidal Concentration 1.4 x 108 particles/mL  
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Figure 4.6: SYTOX-green concentration curve (cell lysate) 
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Figure 4.7: SYTOX-green fluorescence concentration curve (EP cells) 
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Figure 4.8: Viability of SYTOX-green fluorescence concentration curve (EP 
cells) 
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Figure 4.9: HaCat cells pulsed with and without silica (Sy= SYTOX-green) 
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Figure 4.10: Non-pulsed HaCats with and without colloids 
0	  
50	  
100	  
150	  
200	  
250	  
300	  
Fl
uo
re
sc
en
ce
	  
0	  
20	  
40	  
60	  
80	  
100	  
%
	  V
ia
bi
lit
y	  
	   	  ** ** 
(a) 
(b) 
PBS=	  phosphate	  buffered	  saline	  
GNS=	  gold	  nanoshell	  
SY=	  SYTOX-­‐green	  
SiO2=	  silica	  
 
97	  	  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 	  
 
 
 
 
 
 	  	  	  
0	  20	  
40	  60	  
80	  100	  
%
	  V
ia
bi
lit
y	  
No	  Sytox	   With	  Sytox	  
Figure 4.11: HaCats pulsed at various voltages with and without SYTOX®-
Green 
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Figure 4.12: HaCats electroporated using 8 or 4 pulses 
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Figure 4.13: HaCat vs. B16 cells EP at different voltages 
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Figure 4.14: Electroporation of B16 cells with and without gold nanoshells 
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Figure 4.15: Electroporation of B16 cells with and without silica 
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Figure 4.16: EP of B16 cells in low conductivity pulse media (LC-PBS) 
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Figure 4.17: Electroporation of B16 cells using radial and parallel electrodes 
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Figure 4.18: B16s electroporated using two pulse number, 8 and 4 
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Figure 4.19: EP of B16 cells with different silica colloid concentrations 
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Figure 4.20: Electroporation of B16 cells with different GNS concentrations 
0.00	  
500.00	  
1000.00	  
1500.00	  
2000.00	  
2500.00	  
3000.00	  
3500.00	  
Fl
uo
re
sc
en
ce
	  
No	  Particles	   45:1	  GNS	   250:1	  GNS	  
	  ** 
** 
0.00	  
20.00	  
40.00	  
60.00	  
80.00	  
100.00	  
%
	  V
ia
bi
lit
y	  
No	  Particles	   45:1	  GNS	   250:1	  GNS	  
	  ** 
(a) 
(b) 
107	  	  
 
 
 
 
 
 
 
 
 
 
  
Figure 4.21: Electroporation of B16 cells in PBS 
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Figure 4.22: Electroporation of B16 cells in LC-PBS 
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Figure 4.23: Plasmid-SYTOX-Green fluorescence in different media content 
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Figure 4.24: Sample fluorescence intensity curve 
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Figure 4.25: Corrected vs uncorrected data from EP B16s in LC-PBS 
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Figure 4.26: Corrected vs uncorrected data from EP B16s in PBS 
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Figure 4.27: Corrected data of B16s EP with two concentrations of silica 
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     Figure 4.28: Corrected data of B16s EP with two concentrations of GNS 
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     Figure 4.29: Corrected: EP with different pulse durations & ratios of SiO2 
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Figure 4.30: Corrected: EP with different pulse durations & ratios of GNS 
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Figure 4.31: Corrected: EP with different number of pulses & ratios of SiO2 
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Figure 4.32: Corrected: EP with different number of pulses & ratios of GNS 
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CHAPTER 5: DISSERTATION SUMMARY AND FUTURE WORK 	  	  
This dissertation focused on using sub-micron colloids in the electroporation 
process for delivery of a model molecule.  The aim was to use both experimental and 
theoretical methods to determine the influence of dielectric and metallic particles on 
electric field distribution.  A protocol, geared towards incorporating particles into the in 
vitro electroporation set-up, was created.  Specific electrical, biological, and particle 
parameters such as, field strength, pulse duration, media conductivity, and particle 
composition were investigated.  Through the exploration of these conditions, key 
information needed to better understand the role each parameter plays in therapeutic 
delivery using electroporation was gathered. 
 
5.1 Colloidal Particles 
Both dielectric and metallic sub-micron colloids were successfully synthesized 
using well-established techniques detailed in chapter two.  By controlling the 
concentrations of the reagents, temperature, and reaction times desired sizes (200, 
400, and 800nm) were created.  The larger sized colloids were chosen for 
electroporation studies to inhibit particle uptake into the cell.  The particle characteristics 
were investigated using various tools including transmission electron microscopy, 
Fourier transform infrared spectroscopy, dynamic light scattering, and UV-visible 
spectrophotometry.  More specifically, dynamic light scattering and transmission 
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electron microscopy were used to analyze particle size distribution and to give visual 
insight on the surface characteristics at different stages of the synthesis process.  
Utilizing these methods it was determined that three particle diameters were created 
and all samples tested had fairly low polydispersity.  Also, the surface characteristics at 
different intervals of the synthesis process showed that bare silica particle and an amine 
functionalized silica particles were visually the same.  However, when adding gold to the 
silica surface the roughness of the surface increased as the amount of gold increased 
indicating the presence of a shell. 
 
  Particle composition and optical properties were investigated using FTIR and 
UV-vis spectroscopy.  The FTIR spectra for bare silica and amine-functionalized silica 
illustrated very similar signature silica peaks.  However, no additional NH2 peaks were 
observed for functionalized silica.  From this finding it was concluded that this method 
was not sensitive enough to detect the presence of the amine groups.  However, TEM 
and UV-vis were used to detect the even growth of a complete uniform gold nanoshell.  
Literature reports have shown that uniform shells form primarily on the surface of 
functionalized substrates.  Therefore, the formation of the gold shell illustrated here 
implied the presence of amine groups on the silica surface.  UV-vis spectrophotometry 
also allowed us to identify the unique optical properties of gold nanoshells that are 
signature of the formation of uniformed shells. 
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5.2 Computational Studies: Electric Field Simulations 
Computer simulations presented in this dissertation were done to determine the 
electric field distribution around a single cell.  Also explored was the influence on 
dielectric and metallic particles on the electric field distribution.  Results presented here 
showed that both isotropic and anisotropic particles possessing either dielectric or 
metallic properties did not effect the electric field distribution around the cell nor the 
subsequent trans-membrane potential.  Particle concentrations also proved not to be 
influential on the field distribution.  It is important to note that the model described in this 
dissertation was simplistic and did not account for many of the phenomena that occur 
during experimental electroporation.  Higher particle concentrations above 80 particles 
and more complicated particle geometries could not explored.  Also excluded was the 
use of time-dependent models, which may have provided further insight into the 
influence of colloids on electric field distribution. 
 
5.3 Experimental Studies: Electroporation in the Presence of Colloids  
In chapter 4 a protocol to incorporate sub-micron colloids in the electroporation 
process was developed.  This protocol was used to perform in vitro electroporation 
studies to determine the role of colloidal particles in EP.  Also detailed were two novel 
assays.  One was established to assess the correct dye concentration range to use in 
EP and the other was used to process EP data to isolate the fluorescence of viable cell 
post-electroporation.  In the SYTOX-green assay, dye concentrations ranging from 0 to 
8 were tested with cell lysate to determine at which point the fluorescence would stop 
increasing and begin to level off.  From this investigation it was determined that using 
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any dye concentration greater than or equal to 2 µm was sufficient for EP delivery.  It is 
important to also note that all concentrations tested maintained a 90 % or better cell 
viability. 
 
A second fluorometric assay was created to isolate the fluorescence of the viable 
cells only.  This assay was implemented to address a common challenge associated 
with electroporation, the presence of both viable and non-viable cells, post-
electroporation.  The use of this assay led to more accurate results by allowing the non-
viable cell fluorescence to be calculated out leaving only the fluorescence of the viable 
cells to be analyzed.  Applying this calculation to EP results showed that the use of a 
low conductivity solution led to higher dye delivery and also gave a more clear and 
accurate understanding of the role of sub- micron colloids.  Analyzing the data with this 
assay led to the conclusion that colloidal particles caused little enhancement on dye 
delivery.  Without the ability to separate out non-viable cell fluorescence inaccurate 
delivery efficiencies could be reported. 
 
The in vitro electroporation of human keratinocytes (HaCat) and murine 
melanoma (B16) cells was also detailed in chapter 4.  HaCats were electroporated with 
and with out colloidal particles to determine the influence of the particles on the delivery 
of SYTOX-green.  The influence of particle presence, number of pulses, and various 
field strengths were tested.  In early studies a cytotoxicity issue was observed when 
colloids at low concentration (45:1) was used in conjunction with SYTOX-green.  To 
further explore this issue the cytotoxicity of particles and dye were explored, separately, 
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and neither component drastically affected the cell viability.  Exploration of the electrical 
parameters led to the discovery of other cell viability issues.  More specifically, 
examining the number of pulses revealed that using 8 pulses resulted in a 20 % viability 
drop at the lowest field strength used (750 V/cm).  Reducing the number of pulses only 
minimized dye delivery but was not influential in preserving cell viability.  As a result a 
new cell line, murine melanoma, was implemented. 
 
Various studies were carried out using the murine melanoma cell line.  Dye 
delivery to these cells was tested under many electrical and biological conditions, 
including field strength, number of pulses, pulse duration, particle concentration, particle 
composition, and EP media conductivity.  The electrical parameters investigated here 
were field strengths ranging from 750-2500 V/cm, pulse durations of 50 and 150 µs, and 
pulse numbers of 8 and 24 pulses.  Probing these conditions led to the conclusion that 
800 V/cm, 50 µs, 24 pulses were the optimal conditions found to delivery SYTOX-green 
to murine melanoma cells while maintaining good viability.  Exploration of biological 
conditions, specifically EP media of different conductivities, resulted in a conclusion that 
higher dye delivery was found when an EP medium with a low conductivity was used.  
The role of particle presence was also explored.  Two particles to cell ratios, 45:1 and 
250:1, were investigated.  Neither concentration of colloids appeared to have much of 
an effect on the delivery of the model dye using electroporation.  However, the viability 
of B-16s pulsed with either particle type did prove to be higher than the viability of the 
initial cell line, HaCats. 
124	  	  
Probing the previously described electrical and biological conditions, field 
strength, pulse number, pulse duration, and colloid concentration, it was concluded that 
the B16 cell line maintained higher cell viability over its HaCat counterpart.  When 
pulsing these cells in LC-PBS using 800 V/cm, 50 µs, 24 pulses and a low particle 
concentration the most optimal system was established for delivery of SYTOX®-green.  
Although results presented did not show major delivery enhancement as a result of the 
addition of either particle type, they also did not drastically affect delivery negatively.  
Therefore, there is great potential for other modified colloids to be implemented and 
explored in the electroporation process 	  
5.4 Future Work 
Work presented in this dissertation provides a foundation for further exploration 
of colloidal particles in the electroporation process.  Insight in to the role sub-micron 
particles play in electroporation of cells was provided.  One future endeavor would be to 
further explore particles with both larger and smaller diameters to investigate the 
influence of particle size on electroporation.  Other important particle properties to 
consider for future work would include particle composition and particle shape.  
Explored in this dissertation was the use of silica and gold particles with simple isotropic 
shapes.  Other particles of interest include but are not limited to gold, silver, and 
polymeric nanoparticles or composites with isotropic and anisotropic geometries.  Each 
of these material types are currently being studied for various molecular delivery 
therapies therefore exploration and inclusion of them into electroporation would be 
beneficial.  Another key aim would be to investigate the use of ligand and 
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pharmaceutical surface modified colloids in electroporation to create more targeted 
delivery systems. 
 
Numerical models shown in this dissertation are positive steps in the direction of 
properly simulating the influence of colloids on electric field distribution.  Only steady 
state conditions were explored, which limited the ability to explore more complicated 
geometries and material properties.  For instance, gold nanoshells could not be 
modeled using a steady state model due to the need to assign both metallic and 
dielectric properties to a single geometry.  Therefore, future computer models should 
include the use of time dependent conditions.  Using time dependent and three-
dimensional models will also allow researchers to explore more complicated biological 
geometries such as irregular shaped cells, multiple cells and particles in close proximity 
and three-dimensional tumors. 
 
In vitro electrical parameters presented here can be used as guidelines to further 
optimize the conditions needed for therapeutic delivery in other model systems including 
in vitro three-dimensional tumors, ex vivo tumors and animal models.  Other avenues to 
explore would also include the use of a pharmaceutical drug.  Over the years, many 
researchers have explored the use of bleomycin in conjunction with electroporation to 
treat in vivo tumors.  Adding particles to a system such as that would provide further 
insight on how the particles behave in a living system.  More specifically, their toxicity 
and their ability to enhance delivery of the target molecule in more complex organisms 
could be investigated in detail. 
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